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PREFACE 

The ninth meeting of the ICANS collaboration was held at the Swiss Institute 
for Nuclear Research, Villigen, Switzerland from 22nd to 28th September 1986. 
There were 48 ‘full’ participants. from ten countries, representing 19 Institutes. 

The meeting opened with the traditional session containing status reports from 
the various participating laboratories, at the stast of which the recent death of 
Yoshikasu Ishikawa, the ICANS representative from KEK Japan, was remembered; 
the text of the address given by Jack Carpenter is included in these proceedings 

immediately following this preface. The rest of the meeting was split into principal 

‘workshop’ sessions on Targets, Moderators and (in parallel with these) Instrumen- 

tation. Further sessions on ‘Common Problems - which emphasised backgrounds 

- ‘Boosters and New Concepts’ and a ‘Poster’ session for instruments were also 
held. The final session consisted of summaries of what went on in the various wor- 

shops; these t,riggered lively discussion and also raised questions which hopefully 

may receive answers by the time of the next. ICANS (possibly May-June 1988). 
The written contributions have been grouped into nine sections, corresponding 

to the workshops, and within these groups roughly in the order in which they were 
presented in the session. Where available, the summary of the session is included 
at the start of the appropriate section. These summaries have been prepared here 
at SIN, from a recording taken on the Friday morning and the foils and notes of 
the summarisers. The aim has been to come as close as we can to a verbatim 
transcript but with some editing both by us and by the authors: to remove any 
figures used; to short,en somewhat the length; to include only a very brief summa5ry 

of comments and discussion that, occured during t.he actual presentation. 

We should. like to thank the session snmmarisers, Jack Carpenter, Ala.11 Came, 

Kent, Crawford, Gary Russell and Gavin Williams. Our thanks also go to Mrs A. 
Bolsinger and to all those other people who helped in the organisation and running 

of the meeting and to Mrs S. Frigot, for preparation of these proceedings. 

Villigen, April 1987 

F. Atchison 

W .E. Fischer 



IN HEHOHIAM 

YOSHIKAZU ISHIKAUA 

On 28 February, 1986, our friend and colleague Yoshikazu Ishikawa died 
unexpectedly, after having suffered a subarachnoid hemorrhage ten days 
earlier. We all share a feeling of great loss, for he was one of the most 
vigorous members of the world community of neutron physicists, an excellent 
scientist, one of the pioneers of our field both in Japan and at large, the 
prime motivator for the development of the KENS pulsed spallation neutron 
source and its instrumentation, and was our gracious host at the marvelously 
successful ICANS IV meeting in Japan. He was a close personal friend and a 
vital collaborator of many of us. 

Ishikawa was born on 24 October, 1930, in Yokohama, Japan. He studied 
at the University of Tokyo, where he received the Bachelor of Science degree 
in 1953, and the Doctor of Science in 1958. He became Lecturer in the 
Department of Applied Physics at the University of Tokyo in 1958, and 
Associate Professor of the Institute of Solid State Physics in 1959. Between 
1964 and 1966, he was professor at Centre d'Energie Nucleaire in Grenoble, 
France. In 1969, he was appointed Professor of Physics at Tohoku University 
in Sendai, and was Joint Professor at the Laboratory for High Energy Physics 
(KEK) at Tsukuba, positions he held until his death. 

Ishikawa was our ICANS representative in Japan, chairman of the 
Magnetism Commission of the International Union of Pure and Applied Physics, 
a member of the committee of the Science Academy of Japan, a member of the 
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advisory council for scientific policy and management, of the advisory 
committee for the Booster Synchrotron Utilization Facility, and chairman of 
the neutron scattering experiment advisory committee of KEK. 

His scientific career began with the study of magnetism in Fe 0 -Fe TiO 
mixed-phase systems and FeTiO 

2 
and NiTiO ; 

2 
he discovered ferrim g et1 m 1 2 4 4 4 

the hematite-ilmenite system and clarifi d its origin. His interest in and 
contributions to the field of magnetism continued throughout his professional 
life. Early in his scientific career’, he struck up collaborations with 
colleagues in Brookhaven National Laboratory in the United States, and CEN 
Grenoble. Later, he traveled frequently to use the spectrometers at the 
Institute Laue-Langevin in Grenoble. He maintained close connections with 
his colleagues in his scientific work, and .was often abroad from Japan to 
extend his research; his colleagues acknowledge him as the “idea man” in much 
of this collaborative work. 

Ishikawa’s first encounter with pulsed neutrons was probably in 1967 
when Motoharu Kimura constructed a large neutron diffractometer at the Tohoku 
linear accelerator in Sendai and persuaded him to support that project. When 
he arrived in Sendai in 1969, he took part with Kimura, Noboru Watanabe and 
others in the construction of instruments for the pulsed neutron source 
there, which was the first in Japan. After the successful work in Tohoku, 
Ishikawa proposed the KENS pulsed spallation neutron source project in 
Tsukuba, using the 500 MeV Booster Synchrotron of KEK. He led the nationwide 
project team in the construction and instrumentation of KENS, which was 
completed in March, 1980, only five years after the first proposal. Some of 
us remember the excited feelings of the members of that team when they 
reported their accomplishments at the mini ICANS meeting at the Rutherford 
Laboratory early in 1980. 

His studies of spin dynamics in transition metals and their compounds 
and of Invar alloys were especially notable; in particular, his measurements 
on MnSi demonstrated the validity -of Moriya’s unified picture of band 
magnetism in itinerant magnetic systems; For this work, in 1983, Ishikawa 
was awarded the prestigious Nishina Memorial Medal. 

His laboratory at Tohoku University trained many students in the field 
of neutron scattering in magnetism, and Ishikawa maintained a close interest 
in their subsequent careers. Several of them are continuing to push back the 
frontiers in this area at neutron centers in Japan. 

Ishikawa was as frequent and expert a user of triple-axis instruments at 
the research reactors, as of time-of-flight instruments at the pulsed 
sources. Truly ecumenical in this as in many other ways, he spoke from a 
unique perspective when he observed in relation to the friendly conflict 
between steady source users and pulsed source users in other parts of the 
world, “In Japan, every neutron good neutron”. 

He was a leading force in arranging the United States-Japan Exchange 
Agreement on Neutron Scattering, which led to the construction of new 
instruments at the Brookhaven High Flux Beam Reactor and at the Oak Ridge 
High Flux Isotope Reactor, and provided those high-flux neutron facilities 
for use by Japanese scientists. 

Yoshikazu Ishikawa was a most highly respected leader in pulsed neutron 
source development, in the use of neutron scattering methods for condensed 
matter research, and in condensed matter physics research in general. We 
admired him also for the great energy that he applied to all his work, and 
for his qualities as a sympathetic man. He acted in the best Japanese 
tradition as l’nako-odo” for at least eleven couples, maintaining lifelong 
interest in their well-being. He was a sincere Christian, and volunteered 
much effort for his church. He loved the mountains; he climbed many 
mountains in the summertime, and enjoyed skiing in the winter. His charming 
wife, Hiroko, whom he married in 1959, accompanied him on many of his 
travels, and shared his affection for the French language and culture. She 
survives him in Sendai, as do his daughter, Mari, a student at Tohoku 
University, and his son, Tomoo, who studies at Tokyo Institute of Technology. 
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ICANS IX 

INTJZRNATIOMIL CXLMBO~TIaJ ON ADVMCED NEUTRON SCXJRaS 

22-26 September, 1986 

,Enhan$zed ,Tar.g+t Moderat.or Cogcepts for 

ISIS 

G. S. Bauer, KFA Jiilich 

for 

The Members of the Target Group of the International ISIS Project Group 

1. Introduction 

lYith ISIS now well on its way to become the world’s leading and most powerful 

pulsed neutron source and in particular in view of the fact. that. it will probably 

for a long time be Europe’s only pulsed neutron source. 11, seems quite natural 

that: questions are being discussed now, on how access to ISlS for an international 

community could be organized and what potential exists for fut,ure enhancement of 

its capatbilit.ieS. These questions are being dealt with at; present by 8 project. group 

established under t;he Memorandum of Ilnderstanding which has been signed by 

Great, Britain, France and Italy. This paper we report on Lhe state of the 

discussion in the Targets, Section of the project group. ‘Two distinctly different 

cases are considered, namely whether or not Rutherford hpplet,on Laboratory will 

be operating with a nuclear site license in the future!. 

2. The present situation 

at present; there exists one extracted beam line wiLh a neutron target station at. 

its end. The design of the :~ocelcrator, Ihowever, would allow a second beam to be 
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extracted approximately at right angles to the first one, i. e. in the direction 

where the old NIMROD Hall (Hall 1, or building R6) is located (fig. 1). 

The present target station has 18 beam lines and will be able to accommodate an 

estimated total of 25 neutron scattering instruments. The beam lines are fed from 

four moderators of different characteristics and performance (fig. 21, locat.ed above 

and below the target, two ambient temperature water moderators (A, AP and D), a 

liquid methane moderator (CH4 and a super-critical hydrogen moderator (Hz). 

The target itself (fig. 3) consists essentially of a cylinder of depleted uranium, 34 

kg in mass which is subdivided into 23 disks of three different thickness for 

cooling purposes. The disks are -.clad individually in zircaloy and mounted in a 

stainless steel support frame. The presurized DzO-coolant is guided in a stainless 

steel manifold of quite elaborate design. At full proton current (= 180 VA), a total 

of about 230 kW of heat will be deposited in the target and its structural 

material, including the stainless steel pressure vessel in which the whole assembly 

is contained. Apart from a few components such as heat exchangers, which would 

have to be supplemented, the system could handle up to 1.5 MW, i. e. six times 

the present heat output. All pipework and the containment proCded to avoid 

release of radioactivity from the target are designed and fabricated to meet the 

ASME standards required for a nuclear installation. The safety and control systems 

are similar to reactor practice. 

3. Options for KAL operating without a nuclear site license 

If HAL were to continue to operate’ without a nuclear site license, as is presently 

the case, the following potential for improving the neutron supply to the users can 

be seen: 

3.1 Changes in the present, r.argel. and moderator geometry 

Research with respect to target-moderator optimization which has been carried out 

since important, design parameters of t,he ISIS target had to be frozen has yielded 
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some clues on possible improvements that could be achieved from changes with 

respect to the present geometry. 

There are two main points to be mentioned: 

3.1.1 Improvement of geometric coupling ints .Fpder++tors .by., reducing ,the distance 

between target an,d rnodera,tor .centre lines 

Although great care was taken in designing the present target and its 

surroundings (fig. 4) to keep the target-moderator distance small, it may be 

possible to achieve even better geometric coupling by 

(a) 

(b) 

Cc) 

reducing the thickness of the stainless steel frame around the uranium, 

changing the shape of the pressure vessel in such a way that flat top and 

bott,om sections can be avoided, which may allow a thinner wall t.hickness, 

scrutinizing the need for the 6 mm Boral layer between the target and 

especially for the cold moderator. 

Taking all the possible gains from these measures together, an estimated 

improvement in neutron leakage from the moderators of the order of 10 % could be 

anticipated. It should be borne in mind, however, that moving the moderators 

closer to the target would make other changes 

centre section of the reflector and it, requires 

instrurnents to the. new moderator heights. 

necessary. This may include the 

an adjustment of the beam lines and 

3.1.2 Change from cylindrical to “2-dimensional” target, 

IJnder the assumption, that t,he target would have a circular cross section, its 

opt.imum diameter was determined to be 9 cm (Atchison, 198 1). Subsequent research 

done for a wheel-type high power target (Bauer et al, 1982) showed t,hat, with a 

laterally extended target, important gains in t.arget-to-moderator coupling can be 

achieved. Fig. 5 shows this effect. for a set of uranium targets wit,h an unreflected 

moderator. For compa,rison, the cilrve determined by Atchison (1981.) for a reflect.ed 

t,arget xi01 circular cross section is also shown. (This curve has been arbitrarily 

r~rmatiized t.o the one for a 10 cm wide: ta,rget at 9 cm thickness.) The gain, that 

(tan he obtained by going from a 10 cm wide target to a 30 cm wide target is 
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about 30 %. Since the topology of Atchison’s curve for the reflectsed case seems to 

agree well with the measured data for the unreflected case (showing the 

superiority even of a 10 cm wide target of thickness t over a circular one with 

diameter t for t < 9 cm), it may be anticipated that this gain could also be 

obtained in a reflected target. 

Together with some of the measures described under 3.1.1 it may be assumed, that 

this provides a potential to improve the performance of a depleted uranium target. 

by up to 35 to 40 % relative to the present. one. 

3.2 Second target station 

Making use of the possibility to add a second extraction beam line t.o the ISIS 

synchrotron, the construction and operation of a second target station can be 

envisaged. Unless the accelerator characteristics change, the most likely way to 

operate with two target stations would be a pulse-switching mode, directing e. g_ 

1 out of 5 pulses onto the second target. Without making use of fissile material 

(see below), this would result in a relatively low time average power (= 50 kW 

with a depleted uranium target; =: 20 kW with a W-target) at a pulse rate of 

10 Hz. The design of the second target station could provide for better target-to- 

moderator coupling than in the present high power case by taking advantage of 

these features and by placing cryogenic moderators with as high a hydrogen 

density as possible, at the optimum positions. The low pulse repetition rate makes 

this source particularly suitable for cold neutrons which, in turn. are easily 

transported through curved guides for efficient background and fast neutron 

suppression. In view of this fact one might even consider the use of slab 

moderators which have a 2 times better coupling to the target. than wing 

moderators. Taking all these effects together, it is not unlikely that the useful 

cold neutron flux from this low power target would more or less match the one 

from the present cold moderators, especially since at 10 Hz there is no risk of 

frame overlap and each of the pulses could be used by all instruments. In this 

way t.arget 1 could be freed from the cold neutron instruments and about 10 to 12 

new beam lines for #cold rieut.rons would become available at. target, 2, with 
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practically no loss in performance. 

4.. Oplji+s if RA& were. to operate under a nuclear,, ,site, li,cense 

In order to make possible more significant gains in neutron production than those 

discussed above, the possibility of using fissile material in the target has been 

examined both for the present and a new second target station. 

The general problem in using fissile material, apart from the fact that a nuclear 

site license may have to be obtained, is that, with no special precautions taken, 

the pulses tend to be lengthened substantially. For a pulsed source it is therefore 

necessary to minimize thermal fission in the target by. (a) preventing thermal 

neutrons from the moderator and reflector from diffusing back into the target and 

(b) allowing as little thermalization as possible within the target itself. Although 

it is essential to have very detailed calculations to assess the true source en- 

hancement that can be obtained from any particular arrangement containing 

fissionable material, a crude estimate of the neutron production enhancement in 

the target can be attempted starting from the total 

target: 

energy dissipation in the 

It is known, that in a non-fissile target, about 2/3 of the proton energy is 

dissipated inside the target and l/3 is carried away by the particles leaving the 

target. The total neutron yield in a fissile target is taken as the sum of the 

yields from spallation and from subsequent fission .processes. We set for the total 

energy dissipation per incident, proton, E: 

E = 2!3 ED + 1.90 . tf/p) (1) 

with (f/p) giving the number of fissions per proton and 190 MeV being the energy 

release per fission process. Taking into account, that each fission process adds 

about 1.4 neutrons to the overall production, we have for the number of neutrons 

produced: 

ntot = ns f nf = nS + (f/p) * 1.4 (2) 



For the reference case of 800 MeV protons on depleted uraniilm it has bee11 sllo.srr 

(Atchison, 1981), that about l-160 MeV are relcasect in l.he t.a!‘get pel. ia?itlt::tl 

proton, destroying about 4.9 nuclei by fissiorl proresses :1ntf p1’cjdl:l’ii.l~: iL i1i1 31 of 

26’ n/p. Inserting t.hese numbers in ( 1 ) mtd (21, ae obtain 1’1wm ( I 1 

Rs = 19 

4. ! !;sc of r-tiirichcd uranium 0li 1 t.11 get. 1 



maintaining a flat power distribution and (b), more importantly, due to the spatial 

and spectral distribution of the neutrons produced from fission, target-to- 

moderator coupling as well as moderation efficiency of the moderator will be poorer 

than in the case of the depleted uranium target, especially since there is a need 

for decoupling the target to keep the pulses short. So, realistically, an en- 

hancement for the thermal or cold neutron leakage of about 1.5 at the front 

moderators and 2.5 at the rear ones might be anticipated. These figures are a!so 

suggested from scoping calculations done within the present study work by D. 

Picton, University of Birmingham. These calculations indicate that the content in 

U-235 in such a target would have to vary between 0.2 % (centre of front plates) 

up to 60 % in different axial and radial zones. 

4.2. Target 2 designed as a near-critical booster target 

Assuming, as before, that r 20 % of the proton beam (i. e. = 36 &IA) would be 

directed towards a second target station, a higher multiplication factor than above 

could be aimed for in a near-critical booster assembly. 

4.2.,! Boost,er for short pu&ses us,ing fast fission only 

The reference model considered for initial scoping calculations in this case is 

shown in fig. 6. The booster consists of fuel plates, 30 cm wide and about 10 cm 

high which are stacked to a total depth of 35 cm and surrounded by a decoupling 

layer (E 10z2 at.Blo/cm2) to prevent thermal neutrons from the moderators from 

returning to the target. Slab water moderators were assumed on the two large 

faces of the target and the whole arrengement was surrounded by a reflector (Nil 

except for the two moderators faces and the entrance face of the proton beam into 

th.e target. Although, initially, Na-cooling was assumed, it appears that,, due to 

the small volume fraction of coolant in the target, also DzO might be suitable. 

The overall results of the calculations for Na-cooling are given in table 1, with 

the power in the target chosen to be 1.75 MW. The, enrichment in the booster in 

U-235 was 65 % in an inner zone and b0 % in the outer zone resulting in an 
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average of 75 %. For comparison, the same arrangement, has also been run for the 

case of natural uranium. 

It can be seen that, while the source enhancement is 17 between a target of 

natural uranium and the booster, the leakage from the moderator faces is only 

enhanced by a factor of 12. It must, be assumed, however, that the coupling of a 

small wing moderator would suffer more from t,he extended source than that of the 

large slab moderator used here. 

The volume of the target is about 10 1 with a uranium fraction of 80 %, leading 

1.0 an average power density of 220 W./cm3 which is relatively moderat,e. It should 

be noted, however, that it is assumed that the target will be operating at 10 Hz. 

thus depositing 175 KJ/pulse. This leads to a thermal cycling by about 10 Ii at 

each pulse. Work done by Krautwasser et al (1985) for the SNQ-project suggests 

that this should not be a problem from the point of view of thermal cycling 

growth, if U 10 % MO is used. The concurrent effect of radiation damage can at 

present not be assessed. 

The pulse shape to be obtained from t,his arrangement has also been investigated 

and is shown in fig. 7 together with the case for the reference target of natural 

uranium. Apart from the enhancement, both curves have equal characteristics and 

have a FWHM of about 100 vs. (Note, the thickness of the moderator is 7 cm, un- 

poisoned!) Also shown is the pulse for the case, where all delayed neutrons are 

included. From this it is obvious, that about 17 % of all neutrons produced will be 

spread out over the whole time between pulses. The delayed neutron background 

will therefore be about 0.2 ymof the pulse intensity. 

Table 2 gives a comparison of some relevant, data for I)20 cooling vs. Na-cooling. 

The pulse shapes for various energy groups are shown in fig. 8. 

Wi1.h i1.s flux enhancement of about a factor IO, which might be expected in a real 

arrangement with wing moderat,ors the booster target, seems to be quite promising 

from :t physics point of view. especially since reasonably short pulses would be 

obtained at a IO&N repict.it,ion rate. It should not. be overlooked, however, that the 

actual design and operat.ion of such a targel. presents quite a challenge. 
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So far, in order to obtain a crude picture of the thermohydraulit: sitSuatiorr, a 

reference target design has been looked at, (Weisweiler, KFA) which i.s in principle 

similar to the present. ISIS t,arget (see fig. 9) and does not, Lake into account, any 

engineering or operational constraints. All 35 plates are of equai t.hickness 

(namely 7.7 mm including 3, x 0.25 mm cladding), and are seperat,ed by I .75 mm 

cooling channels. Temperature and coolant flow data for t.he cases shown in fir,,. i3:t 

and b are compiled in table 3 for 1X) and Na-cooling. 
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this effect will have to be provided. 

life results in high operating costs. 

4.2.2 Rooster allowing 

Some of the problems 

thermal fission 

associated with 

Unfortunately a low burn up at the end of 

a booster designed for short pulses could be 

alleviated, if the multiplication was allowed to result from thermal fission in the 

target. The immediate consequence of this would be a significant lengthening of 

the pulse decay constant. Calculations by Scherer (KFA) have shown that, with a 

source multiplication of about 10, only about a factor of 3 would be gained in 

pulse height and the rest would be in the long tail of t,he pulse. In this case also 

the moderator design could be different from the present one on ISIS, namely as 

developed for the SNQ-project (see e. g. Bauer et al, 1985). With such non- 

decoupled moderators and grooved surfaces, the time average thermal neutron yield 

at the same source strength is increased by almost a factor of 20 over the present; 

design. Without. exceeding a power level of a few MW in the target, it might 

become possible to devise an intensity modulated source of the type proposed in 

the German SNQ-project but. with a 10 t,imes lower time average flux (i. e. of the 

order of 1Ol4 cm-2 s-1). With t,he elaborate experimental techniques that have 

been proposed to exploit such :I. t.ime structure another factor of 10 to 20 can be 

obtained in effective gain over a cw-source of the same time average flux, this 

might. be an interest,ing option. 

5. Conclusions 

Wit,hout either introducing a fissile target or increasing the current in the 

accelerator, the improvements possible relative to the present design values are 

moder:tt,c (2=. I5 ?b) as far as the pulsed thermal and cold neutron intensities are 

!:oncerrled. i\dding :t serrc?rld 1,ar*gi:‘1 stat ion would increase the number of 

instruments that could be accommodated, but would hardly allow a new quality of 

experiments. 

I!ncicr t,hc assilmption, t ha1. iC.?l.. were 1.0 operate under a nuclear site license, the 

~~C:S~GII~ l.arget, statiorl Could be upgraded to operate with a fissile target with 
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relatively modest efforts, yielding an increase in neutron intensities between a 

factor 1.5 and 2.5 on the different moderators. If a second target station was to 

be built in this case, it would probably be wise to design for about 4 MW of total 

power. Depending on the outcome of future design study work, one of three options 

could then be realized: 

(a) a fast booster for a pulsed source at a power le’vel around 2 MW and at; 10 Hz 

repetition rate, 

(b) a thermal booster for an intensity modulated neutron source at 10 to 25 Hz 

repetition rate, 

(c) a high power spallation target for either a pulsed or an intensity modulated 

source, if suitable amendments were made to the accelerator system. In this 

case, target 2 might take the bulk of the proton current, keeping target? 1 

around 2.5 * 1Ol3 pPP at 50 Hz. 

The Members of the Target Group of the International ISIS Project Group: 

P. Ageron (ILL), G. S. Bauer (KPA), ‘I’. I). Beynon (Hirmingharn Univ.), T. A. Broome 

(RAL), A. Carne (RAL), C. Coceva (ENEA), I,. A. de Graaf (JRI), D. J. Picton 

(Birmingham Univ.), W. Scherer (KFA), G. C. Stirling &AL) and A. D. Taylor (RAL). 
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-_-_-_-_____________~~~-~~~~~~-~~~~~~~~~~~~--~--~~~~~~~~~~~-~~-~-~ 

U-235 Enrichment 

-inner: 65 % -outer: 80 % -average 75 % 

Total' Inventory 

U-238: 38 kg U-235: 111 kg 

Time for 1% Burn up: = 600 days 
-_-_-_^____-_-_^-_____I_________________~~--~-~--~~~~~~~~~~-~-~~~- 

Primary Proton Source 2.5 El4 p/s ( f40 VA) 

Primary Spallation Source 5.7 El5 n/s 

High Energy Power (> 14 MeV) 33 kW ( 2820 MeV/p) 

natural U booster 

(0.7 %) (75 %) 

Low Energy Fission Power (< 14 MeV)/kW 25 1 600 

Low Energy Gamma Power /kW 10 110 

Total Power /kW 0 70 = 1 750 

Total Neutron Source /n. s-l 8 El5 1.4 El7 

Total Moderator Leakage J+ /n. s-l 2.3 El5 2.9 El6 

____-_-I--___-_--------_~_----~~-~~~~-~-~~~~~------~~---~-~-~~-~~~ 

Enhancements Booster: natural U 

Power 25 

Source 17 

output 12 

____-_--I--__-_-----~---~~_--~-~-~-~~-~~~~~~~------~--~-~-~~-~~~~~ 

Table 1 Some data for the booster target arrangement shown in 

fig. 6 (Na-cooled). 

(Data by W. Scherer, KFA Jiilich.1 
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-----~~~-------~~---___----------_-_-------------_~--------------- 

Na-cooled DZO-cooled 

----____---------________--_____-___________-_________________-_-- 

Keffective (of assembly) 0.957 0.964 

Source Multiplication 

(rel. to spallation yield) 

Moderator Output per Source n 

- all energies 

- < 0.5 eV 

- < 0.01 eV 

FWHM of Pulse (ps) 

- all energies 

- < 0.5 eV 

- < 0.01 eV 

75 % of total n-emission (Us) 

- all energies 

- < 0.5 eV 

- < 0.01 eV 

Loss-of-Coolant Reactivity (%) 

- in core 

- in whole assembly 

23 28 

6.0 6.7 

1.8 2.2 

0.04 0.06 

0.6 

7.2 

110 

115 160 

270 330 

300 350 

- 0.74 - 2.3 

- 0.88 - 2.1 

0.6 

8.2 

1.10 

Loss-of-Decoupler Reaktivity (%I 

- total loss + 13 + 12 

- to reflector + 0.4 

----_-_--____-------------------_-_---------------------__________ 

Table 2 Comparison of Na and DzO as coolant for the booster 

assembly of fig. 6. 

(Data by W. Scherer, KFA Jii1ich.j 
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I 

-_------I--__-____-_--- ---__-- “-‘“‘-‘---I--------~---l--- 

i I 
1 

Farget design (fig. 9) 
__--_____--------___--- 

Zoolant 
_L_-I-___-____-_-___--- 

a 
___--__ 

Na 
_-__--_ 

b 
-__-_-_--_ 

Na 
----___-^_ I 

present ISIS 

at full power 
-_--a_-_- _-----.."I_-_---_ 

D2 Cl D2 0 j 

___------ -----^---I-_._ -__! 
I 

Peak temperature in 

i a-u (0 C) 

iCoolant inlet 

(Coolant outlet to Cl 305 205 

(0 Cl 

~Pressure drop (bar) 1.8 0.9 

/Coolant flow rate (l/s) 

Velocity in gaps (m/s) 
______------___-_---_-- 

390 

150 

11.3 

6 

_------ 

290 

150 

34 

6 

I 
170 1 

I 

50 

i 
i 

65 / 

1.05 [ 

i 

34 
i 

! 

6 t 

380 

43 

50 

1.36 

7 

5.5 

Table 3 Thermal data for a reference booster design of a--uranium 

and at 2 MW total power (flat power distribution within the 

booster) with coolant flow channels arranged as shown in fig. 

9 (a) and (b), For comparison the data for the present ISIS 

1 

; 

target at full power (270 kW) are also given. I 
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Fig. 1 The MS-site. 
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Fig. 3 Design schematic and target cooling parameters of the ISIS depleted 
uranium target (from Carne, 1982). 
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Fig. 4 CH4 96 K-moderator location 
relative to the target. Areas 
where changes towards a re- 
duction of the. target-modera- 
tor distance might be possible 
are marked by arrows. 
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background frorn an unreflected polyethylene- moderat.or as a 
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Curve (4) in (b) is for a reflected arrangernertt. with circular 
section of diameter ti and has beerl :!rhitraril;~ normalized 1.0 
t = 90 ntrn. 
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natural uranium 

ISIS Booster 

thermal n-output from moderator 
0.01 eV - 0.005 eV 

- delayed n not separated 
- - accounting for'delayed neutrons 

Booster vs. nat. U: 
Peak ratio = 11.3 (9.7) 
integr. ratio = 11.0 
FWHM ratio = 1.0 
t75 ratio = 1.0 (1.4) 

t (Peak) = 25 ps 
FWHM = 110 ps 
t71 = 200 us (280) 

Fig. 7 Time dependence of the thermal neutron output from the arrangement 
shown in fig. 6 for a sodium cooled target of enriched and natural 
uranium. 
The solid,iline includes all delayed neutron production in the peak. 

ISIS - Booster 

thermal n-output from moderator 
T= 300 K 

w-w- - DzO-cooling 
Na-cooling 

‘OO” IO'= #o-y to-’ t/s 
Fig. 8 Time dependence of the neutrcn output for various energy groups for an 

enriched uranium target cooled with Na (solid lines) and DzO (dashed 
lines). The arrangement is as shown in fig. 6. 
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(a) 

Fig. 9 Conceptual designs for the booster target used for rhe thermal studies. 
Plate thickness 7.7 mm with 2 x 0.25 mm Zr-2 
gaps 1.75 mm in both cases. 

cladciirtr: inciuded, cooi;tnt 
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Fig. 11 Conceptual sketch showing a section through a booster target ass&mbly 
with the decoupler shrunk on the target plates and included in the 
pressure vessel. 
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22-26 September, 1986 

STATUS REPORT ON ISIS, THE SPALLATION NEUTRON SOURCE AT RAL 

D A Gray (presented by I S K Gardner) 

1. INTRODUCTION 

It was reported at the last ICANS meting (July 1985)l that the 
Spallation Neutron Source was being used at 50/16 Hz with 1.8 x 1Ol2 
protons per pulse on to target. Since that time the SNS has been 
renamed ISIS by the Prime Minister at an inauguration on 
1 October 1 
with 3 x 1O49 

5 and ISIS has been used for neutron production at 50 Hz 
protons per pulse on target, a mean current of .24 HA. 

Details are given of running conditions and problems encountered 
during the period. 

2. PROGRESS SINCE JULY 1985 

A detailed report on ISIS and its experimental programme for the 
period 1 April 1985 to 31 March 1986 is available as a report 
RAL-86-061 . 

Covering the period until March 1986, all machine systems were run up 
to 50 Hz with the synchrotron energy at 550 MeV. 

3. 70 MeV H- INJECTOR 

There were two main problems in achieving reliable running at 20 J_IA 
(10X of design performapce). Firstly, the 665 kV pre-injector column 
sparked over at a rate dependent on the mean current passing through 
it. This caused electromagnetic pick-up on low level control 
electronics and subsequent damage to power supplies notably the pulsed 
quadrupoles for Tank 1 of the linac and to the supplies for the 
transfer line between the pre-injector and Tank 1. The second problem 
was one of unreliability of the hard-tube modulators for the linac RF 
system. 

During the long shutdown which started in April 1986, the pre-injector 
column voltage gradient was modified so that instead of a breakdown 
every half-hour at 20 J.IA synchrotron current, there is now a breakdown 
every few hours at currents which would give about 100 uA in the 
synchrotron. The cause of the breakdown is believed to be due to 
electrons, stripped from the H- beam in the column, being deflected 
transversely by the stray magnetic field from the ion source magnet. 
The deflected electrons are multiplied and charge the column 
insulators which then spark over. The provision of magnetic shielding 
is planned. The resultant trip puts the beam off for about a minute. 
Extra electromagnetic shielding and redesign of the power supplies has 
eliminated the problem. 
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Also during the long shutdown, a large amount of work has been done on 
the modulators for the linac RF system to improve reliability. The 
modulators now run to give a servo-controlled voltage waveform to the 
main RF valve (TH116) and the RF-level servo to the tanks has been 
improved. Major changes to the modulators include the changing of the 
modulator valve from a Maclett 8786 to two EE1600 valves in parallel, 
minimising the number of pulsed power supplies, reducing the number of 
interlocks and improvement of heater regulator units. Parasitics in 
the EE1600 system were cured using isolated carbon resistors near to 
the valve bases. The modulators now run much more reliably. 

The main power supply reservoir capacitors which have frequently 
failed will be changed sequentially over the next months. 

Cooling of the TH 116 valves has been improved to the stage where they 
have operated consistently with a 140 US long beam pulse. Further 
improvement is needed to get to the design pulse length of 400-500 ns, 
especially in the cooling of the grid structure. 

The ion source has run well. With an arc pulse length of 400 uT3and 
15 mA to 10 mA of H- ions extracted (at least enough to give 10 
protons per pulse from the synchrotron) the source lasts several 
weeks. The beam pulse length is controlled by the ion source 
extraction voltage pulse length. 

3.1 800 MeV Proton Synchrotron 

The synchrotron has continued to run at 550 MeV using 4 of the 
eventual 6 RF cavities. The match of the beam from the transfer line 
to the synchrotron whilst not using theoretical beam sizes has 
produced an injection efficiency of 96% (maximum is 98% since 2% of H- 
are not stripped to protons). There is a known protrubrance into the 
synchrotron aperture in one of the injection bump magnet boxes which 
will be cured at the next shutdown. It is anticipated that 
theoretical settings will then be used. 

A watch is kept on the injected beam shape using a scintillator to 
look at the partially stripped Ho particles. 

The 0.25 micron alumina stripping foils are currently fitted 
individually through a vacuum trap. The most recent foils have 
operated to give about 1600 uA/hr of synchrotron current ie about 8 
hours for a full intensity beam. An automatic foil change mechanism 
is being developed for fitting in the next shutdown. 

12 
The trapping efficiency with about 3 x 10 lgrotons per pulse injected 
is about 86% (design is for 50% at 2.5 x 10 ppp trapped). 
Extraction efficiencies are 99% thus giving more than 80% of beam from 
the li 
3 x lop9 

c transfer line hitting the neutron producing target at the 
ppp level (24 JJA). (See Fig 1). At this level the beam loss 

monitors (ionisation chambers along the linac and 70 MeV transfer 
line) operate a beam trip if on one pulse there is a beam loss of 
>0.05 u coulomb at 70 MeV. Likewise for the synchrotron and 550 MeV 
transfer line to the target, the beam current toroid system trips the 
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beam if the losses are greater than certain preset values on any one 
pulse. This beam trip system is being refined. 

The limitation on accelerated beam is currently the voltage induced in 
the RF cavit#$s by the two proton bunches in the synchrotron. At 
about 2 x 10 protons trapped the induced voltage is comparable with 
the voltage on the cavity during the trapping programme. A 
feed-forward system which looks at the fundamental frequency component 
of the bunch amplitude and feeds this to the cavity to overcome the 
fundam 
5 x 10T9 

tal induced voltage is in routine use. For a short period 
ppp were accelerated to 550 MeV. A laboratory trial has been 

completed to reduce the impedance of the cavity at the trapping 
frequency by resistive loading and has shown that the induced voltage 
can be reduced by B3factor 5. This should allow the full beam 
intensity 2.5 x 10 ppp to be accelerated without producing too large 
an induced voltage. Installation has started on a system for 
circulating copper sulphate solution to provide the resistive loading. 

The RF phase loop is operated from trapping until 9.5 ms into 
operation. The radial beam position is controlled at the moment by 
programmed function generators to give reasonable stability. A radial 
beam loop is being developed. 

With an untrimmed magnetic field configuration it was found that a 
coupling resonance was crossed which led to some blow-up in beam size. 
The computer-controlled trim quadrupole system has been used and 
betatron frequencies measured to find several satisfactory working 
points. One of these is used for operation. (See Fig 2). 

With horizontal closed orbit positions corrected to about 2 mm using 
programmed horizontal steering magnets the lost 70-100 MeV beam 
collection system has worked well. 

For extraction, a vertical beam bump puts the beam as near as possible 
to the vertically bending septum magnet for extraction. 

Tuning of injection and extraction conditions is done using the beam 
loss monitors installed from linac, 
within 20 m of the neutron target. 
triggered from the energy resolving 
neutron line. 

round the synchrotron and to 
Extraction from the synchrotron is 
chopper in the HET spectrometer 

Alignment of the extraction line is done by measuring the beam 
position using wire profile monitors. A segmented halo monitor of 
which the temperature is monitored is used as a final control of 
alignment of protons on to the neutron target. 

3.2 Target Station 

The target station has been run with facilities available to operate 
with at least 10% final beam levels. Installation of the helium 
ventilation system for the target void vessel and the ventilation 
system for the cooling of the shutter void vessel is under way. With 
the planned provision of the shielding at the top of the target 
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station and in the forward direction, this will complete the target 
station to cope with full power levels. A system for transporting 
used targets is being developed. The shutter system which cuts off 
neutrons to each line.is still controlled from the target station 
control room. The modifications are in hand to provide control from 
the beam line control rooms. 

More details of the target station operation will be given at this 
conference. 

4. SHUTDOWN APRIL-AUGUST 1986 

In addition to the work already mentioned the following major items 
were covered: 

i> The remaining two synchrotron RF cavities were installed and 
run up to full power. The final phasing up is to be completed. 

ii) The installation of the first stage of the low energy muon 
beam for MSR work was installed. This included the extracted proton 
beam components to make a waist in the beam at the muon producing 
target position, the target vacuum vessel, the necessary shielding 
modifications and trial installation of the muon collecting 
quadrupoles. 

iii) The front end shielding for 3 new neutron lines was 
installed. 

5. OPERATIONS 

Reliability of operation has not been as good as hoped for at this 
stage but is improving. As shown in more detail in Reference 2, some 
4300 uA hours was achieved up to March 1986. 

Since the start of running in August 1986 about 2700 IJA hours has been 
achieved with an average of 176 HA hours per day during the last 2 
weeks of the run just completed. (See Fig 3). 

It is planned to run until Christmas with 11 weeks scheduled for 
neutron production. The aim is to produce an average of 400 PA hr/day 
during this period. 

Induced activity levels are high , about 50,000 pGy/hr in the injection 
straight caused by the need to steer around the protrubrance and 
20,000 pGy/hr in straight No.5 caused by operation for a period with 
the beam collector system not being properly aligned. These levels 
are consistent with expectations for better operating routines at 
higher currents. 

6. INTERNATIONAL ISIS PROJECT TEAM 

As a result of a Memorandum of Understanding signed by Ministers from 
France, Italy, Sweden and the UK with interest shown from other 
countries, a project team has been set up to investigate possible 
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development of ISIS beyond its present full specification. Three 
international working parties have been set up to cover machine, 
target station and utilisation. A one-week meeting has been held, the 
second will be in November. A report is planned for early next year. 

7. The report produced here is the result of the efforts of many 
people especially in ISIS Division of RAL to whom the author is 
grateful for their dedication. 
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STATUS REPORT ON LANSCE, 1986 
F. A. Morse 

The most significant development at the Los Alamos Neutron 
Scattering Center (LANSCE) this past year has been the 
appointment of Roger Pynn as director. 

Referring to Fig. 1, LANSCE is defined as the target/moderator 
and neutron scattering instrumentation complex. This area, 
previously known as Target 1 is part of a larger complex which 
has been known as WNR. The ion source and beam acceleration 
operations are still a part of LAMPF as before. The Proton 
Storage Ring (PSR) and the rest of the beam delivery system 
have been turned over to the LAMPF operations people as well. 
The other target areas serviced by the beam are still referred 
to as WNR. 

Before presenting where we are,in the commissioning of the PSR, 
let me remind you of our design goals, as given in Fig. 2. The 
remark about hands-on maintenance needs a little amplification. 
We desire to keep the hardware in the PSR as non-radioactive as 
possible and hoped for a total loss in the beam of from loo-to 
1000 nA, knowing that maintenance would be simplified. The 100 
nA figure was clearly an optimistic one. We are able to have 
hands-on maintenance but as you will see later, we would like 
to reduce the beam losses to simplify our maintenance problems. 
Our commissioning goals are shown in Fig. 3. 

At the end of our last run cycle, December 1985, we reached 30 
microamperes which was our goal for that cycle. That was a 
world record at the time. Figure 4 shows a TV monitor in the 
control room at the time. We were able to supply beam to local 
users at this rate for several experiments. On December 22 we 
reached about half the design goals in stable peak current. 

As of this conference date, the 1986 run cycle has just begun 
and most of the time is spent in commissioning efforts. The 
latter half of this cycle we will emphasize reliable beam to 
users. Figure 5 indicates that we have reliable computer con- 
trols in cool weather; the other way to say that is, we found 
we have a cooling problem in hot weather. Other issues we are 
addressing in this phase of the commissioning are indicated in 
Fig. 6. So far we have been able to Yunell away from beam 
instabilities at the highest currents but they seem to remain 
just beyond us and we may have to add damping components before 
we reach full design. 
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We can now tune to 25 microamperes very quickly. We are able 
to supply 25 microamperes to users routinely. Though as men- 
tioned, much of the time is actually spent exploring beam sta- 
bility space, The ion source (by the end of the conference) is 
able to supply full design current of 100 microamperes. 

The ring performance is good, though as shown in Fig. 7, we are 
concerned about beam losses. The evidence is that the losses 
are associated with the stripper foil, but in a way we do not 
yet understand. _ 

Figure 8 details our instrumentation progress. The new data 
system is being added to the instruments most requiring it as 
soon as fabricated. 

Beam losses are shown in Fig. 9. They are measured as contact 
readings shortly after beam shut down. The highest readings 
are near the septum magnet and the stripper foil as already 
mentioned. This question is more fully discussed in the talk 
by Bob Hardekopf. 

The construction project for the new experimental hall and the 
support building is underway, at least in the sense that the 
architectural/engineering firm is under contract. Figure 10 
shows the ground plot of the existing structure, and the 
location of the experimental hall and the support building. 
They are shown in the heavy dark outline. Figure 11 gives the 
construction schedule. We expect to begin to move our instru- 
mentation into the building at the end of the 1987 run cycle. 

In summary, our commissioning of the PSR is on schedule and the 
construction project is on schedule. I have indicated those 
areas we are working on, but hurry to remind you that the rea- 
son there is a commissioning period in all accelerator devel- 
opment projects is because there are always unknowns to deal 
with. So far we are finding only garden variety problems and 
have been able to deal with each of them as they arise. 
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PSR/WNR STATUS 15-DEC- 1985 23:08 
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STATUS OF LANSCE 
COMMISSIONING 

1985 - 30 PA for users 2 l/2 days 
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INSTRUMENTATION 

e Low Q Diffractometer-rebuilt and taking beum 

l 4 Micro Vax - FastBus Systems in operation 
for both Powder Diffractometers 

- Low Q Diffractometer 
- Single Crystal Diffractometer 

Other instrumentation still using old 
Mod Corn - CAMAC 

l New rotating shutter with variable collimation 

on Low Q Diffractometer 

l 32 Meter Powd,er Diffractometer fully rebuild 
and operational2 new Sample Environment 

l High Intensity Powder Diffractometer at 9 
meters 
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CONSTRUCTION PROJECT 

. . 

Archftecturs-EngTnoor Destgn Complete End 86 

Hall Construction Contract Let Mar 87 
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Hall Construction Complete End 87 
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ABSTRACT 

Since our last report, IPNS has continued to improve. We describe our 

recent experience and, progress with the accelerator, targets, moderators, 

scattering instruments, data acquisition systems, ancillary equipment and the 

user program. 

Operating Status of the IPNS Accelerator System 

The IPNS Rapid Cycling Synchrotron just recently passed the ninth 

anniversary of the date when H- ions were first circulated around the 

synchrotron. It is clearly improving with age! Of the 3892 hours scheduled 

since the last ICANS report, 93.2% were available. The average current over 

this interval was 13.39 uA. Since the last system improvement was completed 

in December 1985, current has averaged about 14.0 VA with weekly averages as 

high as 15.0 uA and peaks up to 16.7 uA. Figure 1 shows the weekly average 

current since user turn-on in 1981. Each point represents about 145 hours of 

scheduled operation. 
: 

There were no major system failures requiring cooldown before repair 

during this period, thus the large improvement in reliability of operation 

(see Figure 2). This factor has also allowed us to keep personnel exposure 

well under control. This smooth operation not only benefited the users but 

allowed IPNS accelerator personnel to participate in other ANL accelerator 

related activities. We discuss this briefly later. 

As in the past, we have maintained a rigid beam loss limit of about 1.5 

uA so necessarily the efficiency of trapping, acceleration and extraction 

have all improved slightly during the year. All but one of the system 

improvements responsible for the increased beam were discussed in our 

previous rep0rt.l The benefits Of the most significant of these 

improvements, the new neutron chopper-accelerator synchronization system, 2,3 

Work Supported by the U.S. Department of Energy 

45 



AVERAGE TARGET CURRENT 
1981-1986 

AUGUST 4,1986 

-- -- -- 

9 
z 
!z -- -- 
& 
CY 

3 

Figure 1: Average Target Current of IPNS 



RCS RELIABILITY 

CESI i50 YIV RN o-*-a6 

60 

70 

30 

20 

lo 

&3072026R2StlS IS2229619263 24 IS l21927SP20 . ..7........-.....I...... 611232241 I4222(~s===l - WV 

fE6 pAl?~ APR 1 NAY 1 JUN~~SEP~CT~WOV~ OEC E-r-. 1s65 

fE8 lruRlApR1uAY) Jln 1 Jcjii 
lS66.-1 

Figure 2: Reliability 



were beginning to be harvested before the 1985 summer shutdown. This new 

synchronization scheme allowed about 0.8 uA increase in beam as expected but 

it had a side benefit in that it allowed us to study other systems more 

carefully while doing neutron science. A much improved regulator for the 

ring guide magnet power supplies resulted from these studies. This unit was 

installed in December of 1985 and was responsible for bringing the beam from 

the 14 uA to 15 uA level. This improved regulator is discussed in a 

companion paper 
4 

at this conference. 

Both beam intensity and reliability were also enhanced by a complete 

switch over to commercially available 60-80 pg/cm2 carbon stripping foils. 

Nine foils served us all year long. We estimate an average life of 42 

million pulses per foil; about 5 x 10 21 
protons pass through each foil during 

its lifetime. 

The reader will note from Figure 1 that beam improvement stagnated after 

January 1986. Due to the involvement of IPNS accelerator personnel in other 

ANL activities, accelerator research was less that 1% of scheduled time the 

remainder of the year. 

Other Accelerator Activities 

The most significant long-term activity was participation. in the 

preparation of a proposal for a 6 GeV X-ray source to be built at ANL. The 

number of people involved was limited but their importance to accelerator 

improvement was great. 

A far larger commitment in terms of personnel was IPNS involvement in 

the ANL portion of the U.S. Strategic Defense Initiative (SDI). 

Approximately one-half of our personnel have been working in this area since 

January 1986. 

Neutral Particle Beam (NPB) systems are one facet of the SD1 program. 

One goal of the program is to put a research 50 MeV H- linac in space. The 

IPNS linac, though far from optimum for the NPB program, is the only 

operating 50 MeV H- linac in the U.S. today and a large shielded beam hall 

exists nearby which formerly housed the Zero Gradient Synchrotron (ZGS). 

Since IPNS only runs about one-half time, the SD1 program had an ideal 

opportunity - a H- accelerator and a beam hall. The NPB program can only be 

run when the IPNS neutron operation is shutdown. Funding arrived in January 

to restore the beam line from the IPNS linac to the ZGS hall and to build two 

new test beams in the ZGS hall. The first of these test beams was brought 

into operation on April 30, 1986. 
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The SD1 program is operated through the Engineering Division (ENG) at 

ANL but IPNS engineers and technicians took a leading role in the design and 

construction of the beam shown in Figure 3. Much of the equipment in this 

beam is IPNS and ZGS surplus. An effective collaborationbetween IPNS and 

ENG has been developed for the operation of ,this beam. A second beam, about 

three times as complex as the first, is now under construction and scheduled 

for completion in early 1987. 

Some 1000 hours of NPB operation has now taken place with experiments on 

neutralization techniques, neutral beam sensing and target discrimination 

completed or underway. NPB users have come from industry, the military and 

other national laboratories and several ANL divisions. The second, yet to be 

completed beam, will perform similar experiments on large diameter beams as 

well as provide a test bed for specific prototype equipment evaluation. 

Targets and Hoderators 

Most important among recent developments is the progress on the Enriched 

Uranium Booster Target. We have completed the design and the safety and 

security evaluations. The target and its various components and the needed 

facility modifications are nearing completion; we expect first operation this 

Fall. In its operating position, keff is 0.80; the enrichment is 77.5%. The 

new target will increase the intensity of all the neutron beams by a factor 

of about three. The expected increase in the primary source pulse width (to 

about 300 nanosec) will not significantly affect the performance of any 

existing IPNS instruments. We are assessing the impact of the increase in 

the fraction of delayed neutrons in the beams (to about 3%); most instruments 

will cope with this in data analysis software, but in addition we are 

designing choppers to reduce, the effect in the powder diffractometers. 

Instruments will capitalize on the added flux by changing configuration to 

improve resolution, by concentrating on more difficult classes of 

measurements, or simply by accepting the higher data rates. Moderators are 

being changed to accommodate the greater nuclear heating power and the data 

acquisition systems are being upgraded to deal with higher data rates. We 

have recorded spectra from all the moderators under reproducible conditions, 

later to be compared with measurements with the Booster in place. With 

further modest improvements in the proton current delivered by RCS, we expect 

the Booster to elevate IPNS to a level of performance equivalent to that of a 

source with a 450. MeV, 48. &IA proton beam and a depleted uranium target. 

A separate report describes the Booster Target program in greater 

detail.5 
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Moderators 

Partly as a result of studies which quantified the deterioration of 

polyethylene moderators under irradiation and partly in anticipation of the 

higher nuclear heating power in the moderators, we replaced the two 

polyethylene moderators with circulating liquid methane systems in January, 

1986. Both operate at temperatures of about 100 OK; both have.nominal 

dimensions of 10. x 10. x 5. cm3 and are decoupled with’boron-aluminum 

composite. Both include gadolinium heterogeneous poison; “H” at 2.5 cm (like 

the ISIS moderators), “F” at 1.7 cm on both sides (more severe than the ISIS 

systems). Figure 4 shows the time average spectrum of the “F” moderator. 

The fitted functions (corrected for attenuation by Aluminum in the beam) has 

the form 

+Th 2 
C(t) = E+(E) Q (r) -+ ,E’ET + (+,* 1 

epi ET ref (1 + (EF)s) 

with ET = 10.70 meV, +Th/+epi = 1.087, a = .0235, Eco = 69.4 meV, s = 1.76. 

For “H” moderator, the parameters are ET = 8.024 meV, 0 /+ Th epi = 1.622, a = 

.125, Eco = 24.1 meV, s = 3.79. The CH4 circulating systems are the same a,s 

were used in 1982, and have operated quite reliably - we experience some 

minor problems with clogging of small orifices in the cold systems. 

For purposes of powder diffraction profile analysis, we are 

accommodating the changes in the spectrum and pulse shape by using spectrum 

and pulse shape functions described elsewhere. 6 

We continue efforts to understand and control the “burping” behavior of 

the grooved, cold solid methane moderator, which results in high stresses in 

the CH4 container and has caused three failures which we now believe that we 

understand. A new system of improved design will be installed this Fall. 

Studies will continue with the goal of providing the lowest spectral 

temperature and the highest intensity of long-wavelength neutrons, consistent 

with long-term stable operation. Our analysis of the burping behavior is the 

subject of a separate report. 7 On the basis of experience with the new cold 

CH4 moderator, we are planning to design and install a cold solid methane 

moderator, without grooves for higher resolution, for installation in the H 

position next Spring. 

Data Acquisition Systems 

One major improvement has been the development 

system which increases histogramming speed by a 

of a new microprocessor 

factor of ten without 
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sacrificing any of the flexibility of the previous system. Refinements to 

the existing system include improvements in the interfacing of ancillary 

equipment to the instrument computers and to the VAXs, and the completion of 

networking of the instrument computers to the VAXs. 

On the horizon are several other major developments. The instrument 

computer software will be converted to run on MicroVax computers, which will 

be used as the instrument computers on new instruments being developed. One ‘. ., 

of these new instruments (the glass diffractometer) will also require the 

development of encoding and histogramming hardware and software fundamentally ;’ 

different from that in use on current IPNS instruments, and this will involve 

a large fraction of the data acquisition effort over the coming year. 

New Data Acquisition Microprocessor System 

A multiprocessor data acquisition system has been developed and 

installed in all the IPNS instrument computer systems to replace the single 

microprocessor systems used earlier, in order to keep up with the data rates 

currently encountered on some of the instruments, as well as to cope with the 

large increase expected on all instruments as a result of the installation of 

the new booster target. ‘. ,: 

The old system used a dedicated Zilog 28001 single board microcomputer 

on each instrument to histogram the data. Most of the histogramming 

operations were done in the software using this microcomputer. This 

permitted the on-the-fly time-focusing which has been so successful for the: .: 
:.... 

powder diffractometers and other instruments, as well as allowing, a great, - :, 

degree of flexibility in the choice of channel widths, detector groupings: .’ ; 

and other histogramming parameters. This flexibility was achieved at the,:, : : 

expense of histogramming speed, which was limited to a maximum rate of about’: ., “’ 

3000 events/second. The new’system maintains all this flexibility, and keeps ’ ’ 

all the histogramming algorithms used by the old system. However, &is 

system uses improved hardware (National N32016 single board microcomputers 
.,’ ‘, 

instead of the Z8001) and the microcomputer software allows up to four 

microcomputers to be used in parallel. With these improvements the, new 

system with a single microcomputer board can handle data rates a factor of 

2.5 higher than the old system, a factor of 10 higher thanthe old system 

when four microcomputer boards are run in parallel. The new system has been 

running on several instruments since January, 1986, and installation in the 

remaining instruments is being completed in Fall, 1986. 
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Ancillary Equipment 

Work has been continuing on the interfacing of ancillary equipment to 

the front end computer systems. Nearly all the instrument Displex systems 

now have controllers interfaced to the instrument computer systems, and the 

computer interfacing of some of the furnaces has now matured to the point 

where automated operation is becoming more useful. The sample changer 

interfacing works well, and the SEPD/GPPD changer is in such great demand 

that a second unit is being constructed. All the displex, furnace, and 

cryostat temperature controllers now can communicate with the VAXs as well, 

providing a means for device testing and development when the instrument 

computers are otherwise occupied. VAX software also provides communication 

with several multichannel analyzers and data loggers, permitting rapid 

transfer and storage of data from these devices. 

Networking 

All the instrument computer systems have now been connected to the 

Ethernet network, and can communicate with the VAXs via the DECNET software. 

This system is used primarily for transfer of data files, and for remote 

inquiry into the status of the instrument computer sys terns and/or the 

experiments running on them. The VAXs are connected to the ANL lab-wide 

system, thence to the outside world; they are called ANLPNS (780) and ANLPN2 

(750). 

Microvax Computers 

All the instrument computer systems installed to date have been based on 

DEC PDP-11 computers (eight such computers currently support ten 

instruments). These computers have performed reliably and have met the needs 

of most of the instruments. However, two new instruments which are currently 

being considered at IPNS (glass diffractometer and new small angle 

diffractometer) have major needs for on-line computing capabilities and for 

greater disk storage capacity than is available on the current PDP 11/23 and 

11/34 systems; we have selected DEC MicroVax-II computers for use with these 

instruments. We will soon begin to convert our instrument operating software 

for use on the MicroVax computers, and expect to have working MicroVax-based 

systems in 1987. In the longer term, it is expected that some of the 

existing instruments will be converted to MicroVax-based systems as well. 

We are also exploring the use of MicroVax computers as part of the data 

analysis system, operating in a 2-4 user mode, dedicated to the analysis of 

data from a single class of instruments. 
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Data Acquisition for the Glass Diffractometer 

This proposed new instrument, which is currently under development, will 

involve extensive use of linear position-sensitive detectors with different 

encoding requirements than any used in our present systems. Data rates on 

this instrument are potentially much larger than found ‘on any of our other 

instruments, and will probably exceed the capabilities of even our new 

microprocessor system with the current histogramming algorithms. Thus this 

instrument will require a radically different approach to data encoding and 

histogramming than that used in all the current IPNS instruments. This 

approach will probably involve doing more in hardware and less in software 

than on the present systems, thus achieving speed at the expense of 

flexibility. This instrument will also involve very large data sets 

(preliminary estimates suggest something like 2-5 million channels), so the 

on-line data storage and analysis capability to be provided by the MicroVax 

computer will be very important. Data sets of this size may also require 

some serious rethinking of how the data analysis and archiving is to be 

handled. 

Furnaces, Cryostats, Pressure Cells 

Work on furnaces has concentrated on high temperatures and on controlled 

sample environments. A controlled-sample-environment furnace for SEPD and 

GPPD is now operating reliably to 1400 C. This furnace can be used with the 

sample in a vacuum or under different partial pressures of a variety of gases 

or gas mixtures. A controlled-sample-environment furnace has also been used 

on the SAD at temperatures up to y 1000 C. Table fsummarizes currently- 

available equipment for special sample environments. 

Table I 

Equipment for Special Sample Environments at IPNS 

Low Temperatures 

(Adaptable to most instruments) 

Displex Refrigerators T 2 10K 
4 He Cryostat 1.5 5 T 5 200K 

High Temperatures 

Diffractometer and Chopper 

Spectrometer Furnaces T < 1400 C 

Small-Angle Diffractometer Furnace T 5 1000 C 
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High Pressures 

(Special Environment Powder Diffractometer, 26 = 90’) 

Pressure Volume Temperature 

Piston-Cylinder 35 Kbar 0.25 cm3 300 K 

Gas-Pressurized Cells 6 Kbar 2.0 cm3 10 K 

Clamped Piston-Cylinder 25 Kbar 1.5 cm3 10 K 

(Single Crystal Diffractometer) 

He Gas Pressure Cell 5 Kbar 1.5mm diam. lOK-300K 

Scattering Instruments 

We have rearranged the IPNS scattering instruments somewhat, partly as a 

result of introducing new ones, and partly as a result of phasing out the 

Ultralow Temperature Diffraction Experiment, formerly at the C3 beam. Figure 

5 shows the new arrangement. The QuasiElastic Neutron Spectrometer (QENS) is 

a new instrument, located at the previously vacant H2 beam. It is the result 

of a collaboration between ANL, LANL, MIT, EXXON and Schlumberger-Doll 

Research. Figure 6 shows a diagram of the new machine. First tests show 

that the resolution is 65. ueV for quasielastic scattering about 3.7 meV, as 

designed. Background in the detectors is already acceptably low. The Single 

Crystal Diffractometer (SCD) is being moved from Hl to the F6 beam. There, 

with the higher resolution moderator and with the moderator-sample flight 
-1 path increased to 9.5 m, the resolution will improve to about AQ = .03 %, . 

The overall data rate will increase by a factor around 1.4, and the 

instantaneous data rate will be about the same with the Booster as it was 

before. A new Glass Diffractometer (GLAD) is under design, in a 

collaboration between ANL, LANL, University of Houston and Willamette 

University to be placed at Hl beam. The instrument will feature a small 

angle detector array of moderate resolution, and a large array of detectors 

extending to 90.’ scattering angle. 

The Special Environment Powder Diffractometer (SEPD) will remain as is, 

but its capabilities for high pressure measurements are being enhanced by 

construction of new pressure cell. At the Low Resolution Medium Energy 

Chopper Spectrometer (LRMECS), the chopper shielding is being improved on the 

basis of better understanding of the origin of personnel background 

radiation. A new 10 meV chopper is being designed for use in LRMECS and in 

the High Resolution Medium Energy Chopper Spectrometer (HRMECS), to extend 

their ranges to lower energies and higher resolution. 
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We plan to install a second Small Angle Diffractometer at the C3 beam; 

its detailed design depends on experience yet to be gained on the existing 

SAD. Meanwhile, we will install the Doppler shifter ultracold neutron 

apparatus, which is back from its round of experiments at Los Alamos. The 

Polarized Neutron Reflectometer at the C2 beam has developed into a highly 

productive instrument.8 Figure 7 diagrams the instrument, while Figure 8 

shows a recent measurement of the reflectivity of a layered, magnetically- 

biased permaloy structure. Recently, an 

been installed to improve the resolution 

background. 

electronic spin-flip chopper has 

and reduce the delayed neutron 

The Small Angle Diffractometer (SAD) at Cl beam continues to improve. 

Recently we have installed a single crystal MgO filter which reduces the fast : 

component of the delayed neutron background and the sensitivity to the prompt ” ‘: 

‘fast neutron and gamma flash. We are purchasing a new, larger (45 cm vs. 17. 

cm diameter) detector in the coming year. The Electron Volt Spectrometer : 

(eVS) at F3 beam is the subject of a separate report.’ The General Purpose 

Powder Diffractometer (GPPD) at F2 beam remains highly effective, especially 

for high temperature and residual stress measurements; no significant changes 

are envisioned for GPPD. We have replaced the Crystal Analyzer Spectrometer 

(CAS), formerly at Fl beam, with the QENS at H2, and have erected a new, 

special-purpose chopper spectrometer, the Pulsed High Energy Neutron 

Inelastic Chopper Spectrometer (PHENICS), dedicated to low temperature 

momentum distribution measurements. The new instrument uses the dilution 

refrigerator from the disassembled Ul tralow Temperature Diffraction 

Experiment, formerly at C3, and has a single detector bank at a scattering 

angle of 15O.O. The instrument is the result of a collaboration between ANL 

and Harvard University, and will begin operating at the time of the Fall 

startup. Table II summarizes the parameters of the present IPNS neutron 

scattering instruments. 

. User Program 

The operating statistics shown in Table III clearly indicate an increase 

in the number of experiments and scientists at IPNS despite a small decrease 

in operating time. The increase from BY85 is due to the proton current 

increase and the coming to maturity of the Small Angle Diffractometer and the 

Polarized Neutron Reflectometer. The large increase in university users is 

due to the establishment of a number of groups consisting of faculty, post- 

doctoral appointees and graduate students which focus their research at IPNS. 

Particularly active research groups exist at Harvard University, University 
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Figure 7: Schematic Diagram of the 
Polarized Neutron Reflectometer 
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Table II 
IPNS NexJlxN sCATTEmNG INSmmmm 

Facility l Resolution 
(Instrument Scientist) Assignment Wave-vector hrw wave-vector wrw 

Special Environment 
Powder Diffractawter 
(J. D. JorgensewX Volin) 

General Purpose 
Po&er Diffractaueter 
(J. Faber/R. Hitterman) 

Single Crystal 
Diffractcmter 
(A. J. Schultz) 

Lcw-Resolution 
Medium-Energy 
Chopper Spectraneter 
(C.-K. Loorig) 

High-Resolution 
Medium-mergy 
Chopper Spectraoeter 
(D. L. Price) 

Small-Angle 

F5 0.5-50 A-’ 

F2 o.5-100 A-’ 

F6 2-20 A-l 

F4 0.1-30 A-l 

0.3-g A-' 

cl 0.006- 
0.35 A-l Scattering Diffractometer 

(J. E. Epperson/P.Thiyagarajan) 

l 0.351 

l 0.25% 

* 2% 

O-O.6 eV 0.02 K. 

0+.4 eV 0.01 K. 0.02 E. 

* 0.004 A-l 

* 

* 

l 

0.05 E 
0 

* 

* No energy analysis 
l Wave-vector, A - Insine/X 

BeamTube 

z 
Fl 
Hl 
ri2 
c3 

Current Dse Flight Path Length (m) 

ev Spectrometer 10.0 
Polarized Neutron E%p. 10.0 
n(p) Speckmeter 13.6 
Glass Diffractaneter (planned) 10.0 
QWS Spectrameter 8.0 
Ultraald Neutrons 10.0 
New SAD (plamed) 
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Table III 

IPNS USER PROGRAM 

FY83 FY84 - - 

WEEKS OF OPERATION 26 29 

NUMBER OF EXPERIMENTS PERFORMED 110 210 

VISITORS TO IPNS FOR AT LEAST ONE EXPERIMENT: 

DOE LABS - SAME SITE 41 49 

DOE LABS - OTHER SITES 7 7 

OTHER GOVERNMENT LABS 2 1 

UNIVERSITIES 33 45 

INDUSTRY 5 9 

FOREIGN 18 39 

106 150 

FY85 FY86 

21 22 

180 212 

44 52 

6 10 

1 1 

51 79 

7 13 

34 27 

143 182 
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of Illinois, Northwestern University, Penn State University, University of 

Wisconsin, University of Chicago and University of Pennsylvania. 

In addition to the basic research done for free under the proposed 

system, experimental time can be bought for proprietary research. Instrument 

time (primarily on the powder diffractometers) was sold this past year to 

Standard Oil (SOHIO), Amoco Oil, Canadian Hydro and Chalk River Nuclear 

Laboratory. 
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Introduction 

The pulsed spallation neutron source (KENS) at KEK has successfully 

operated with a new uranium target system since last December. Due 

to improvements in the accelerator and the neutron target, the 

neutron-beam intensity has been increased by more than four times compared 

with the previous period in which a tungsten target was used. 

Much effort has been devoted to the reinforcement of the biological 

shielding around spectromertors in order to keep the radiation level in 

the experimental hall at less than 2 mrem/h. 

The beam time allokated to neutron-scattering experiments during the 

last fiscal year was 750 hours. About forty experiments were carried out 

successfully among the forty-nine proposals accepted. 

This report summarizes the present status of the KENS-I'. The future 

project is discussed briefly. 



2. KENS-I' Program 

The KENS-I' Program was aimed at increasing the neutron-beam 

intensity from the pulsed spallation neutron source KENS-I by one order of 

magnitude by upgrading the neutron production target from the previous 

tungsten to depleted uranium, and by improving the performance of the 

existing proton accelerator (H-injection as well as increasing the energy 

of the injector proton linac from 20 MeV to 40 MeV). The final goal for 

the proton-beam current is hopefully 10 I.IA at 500 MeV. The macroscopic 

pulse duration is maintained at about 50 ns at full width. Up to now, a 

proton beam intensity of about 1.5 x 10 
12 

protons per pulse has already 

been achieved at a repetition rate 20 Hz as an instantaneous record, 

corresponding to about 5 ~JA in time-average current. The accelerators are 

continuously being tuned to increase the beam current so as to keep the 

beam loss at an accessible radiation level. At this moment the beam 

current in routine operation is about two thirds of the maximum value 

mentioned above in order to make maintenance easy. 

The installation of a depleted uranium target system was completed 

last November; since then it has been operating satisfactorily. Figure 1 

shows an illustration of the target assembly which consists of four blocks 

of depleted uranium enclosed in a bonded clad of zircaloy-2 alloy. The 

clad uranium blocks were fabricated at Argonne National Laboratory. The 

uranium core consists of depleted uranium with additions of carbon 450 wt 

ppm, iron 250 wt ppm and silicon 350 wt ppm, Each target block is a 

rectangular parallelepiped with partly rounded corners in order to avoid 

any possible concentration of the thermal stress. The dimension of the 

block is about 78 mm wide, 57 mm high and 30 mm thick. 

The center temperature of the first target block is monitored by a 

thermocouple. The temperature increase is about 35°C at the rated flow of 

cooling water 60 R/min for a proton-beam current of 2.5 U as shown in 

Fig. 2. This corresponds to a center temperature of 175°C at the rated 

proton-beam current, well below the design value of 23O'C in safety-side 

estimate by calculations and a mock-up test. At this temperature, thermal 

stress and thermal-cycling fatigue is no longer important, and we can 

expect a semi-infinite life of the target. 

The gain factor of the neutron production of the depleted uranium 

target relative to the previous tungsten was measured by thermalized 

neutrons from the polyethylene moderator at ambient temperature. The 
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measured gain factor is shown in Fig. 3. The wavelength-dependence of 

the gain factor may be caused by the difference of the hydrogen density in 

the moderator, because the previous moderator had a lower hydrogen density 

(due to radiation damage) than the renewed one. A gain factor 1.9 x 2.0 

was confirmed from this data. 

The cold neutron source, solid methane at about 20 K, has also been 

renewed. A flat moderator, 12 cm wide, 5 cm thick and 15 cm high, as 

illustrated in Fig. 4, was again adopted instead of the previous grooved 

moderator. The reason arises mainly from the limited cooling power of the 

present refrigerator system. Energy deposition in the previous grooved 

moderator at the rated beam power (500 MeV x 10 PA) was estimated to be 

about 50 W, including possible leakage proton bombardment, while the new 

flat moderator can reduce this value by about 40 %, since the latter has a 

smaller volume than the former. The new one has a heat exchanger inside 

the container wall (Fig. 4) instead of an overhead heat exchanger as in 

the previous system in order to improve the cooling efficiency. A lot of 

aluminium plates are inserted in the container in order to increase the 

effective heat conduction in the moderator. A typical moderator 

temperature in operation is also shown in Fig. 2 where vertical scale 

shifted by about + 2" K. The ratio of neutron spectrum from the new flat 

moderator relative to that from the previous grooved moderator is shown in 

Fig. 5. It is almost flat in the longer wavelength region. The result 

indicates that the new flat moderator is as good as the previous grooved 

modelator in the performance of cold neutron production. 

One of the most important disadvantage in the use of a uranium target 

may be increase in the fast-neutron background caused by delayed neutrons. 

As the worst example, we show in Fig. 6 powder diffraction patterns (one 

measured with the uranium target and another with the tungsten). These 

data were obtained using longer-wavelength neutrons (approximately 7 A); 

the tail part of the spectrum results from the room-temperature moderator. 

Similar increase of the background was also observed on the WIT (small 

angle scattering instrument installed directly to the neutron beam hole 

from the room-temperature moderator). The results indicate that if we 

utilize longer wavelength neutrons far beyond the Maxwellian peak, the 

background caused by delayed neutrons becomes predominant. In the case of 

the inelastic machine the background problem is much more serious. 

Although the MAX (multi analyzer crystal spectrometer for coherent 

inelastic scattering) and the LAM-40 (quasielastic machine which is not 
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incorporated with a neutron guide tube) utilize the main part of the 

spectrum from the respective moderator , a considerable increase of the 

background was recognized in the data on these spectrometers. We 

understand that this is due to an inadequate shield around the incident 

beam path and insufficient beam collimation for fast neutrons. At KENS we 

realized a higher coupling efficiency of the target-moderator by adopting 

a target shape of a rectangular parailelepiped with a possible minimum 

distance between them. This configuration, however, is more susceptible 

to the background caused by delayed fast neutrons. A great deal of effort 

must 

3. 

be put to overcome this problem. 

Improvements of Spectrometers 

During the past two years a great effort was expended in developing a 

new type one-dimensional 
6 
Li-loaded-glass scintillation position-sensitive 

detector, 1) PSD, using a light-encode method. The detector system was 

completed last summer and installed at the four-circle single-crystal 

diffractometer (FOX). After electrical tuning, the detectors were 

successfully operated. 

The layout of the PSD is shown Fig. 7. One detector element consists 

of 3 cylindrical scintillators (3 mm in diameter and 30 mm in hight). 

Flexible plastic optical fibres (3 mm in diameter) are connected to both 

ends of the scintillator. A total of 384 scintillator elements sit side 

by side in a semicircle 45 cm in radius. The PSD is divided into two 

sections, that is, right and left sections. Each section has 64 detector 

elements (192 scintillators), and they are covered by 12 PMs. Data in 

each section are further divided into 4 blocks. The positional resolution 

of the PSD was determined to be 9.7 mm. The resolution does not depend on 

the position since the shape of the PSD is semicircular and the scattered 

neutrons from the specimen never strike the detector elements obliquely. 

One example of the raw data is shown in Fig. 8. The specimen is a 

well known material, BaPbO 7Bi0 303 the size of which is 1 mm x 1 mm x 2 
. . 

mm. The peak intensity of 200 ref&tions is 35,000 cts/lO ~_ls for 4 

hours. The analysis gave us a satisfactory parameters regarding structure 

refinement. 

The construction of the thermal neutron small angle scattering 

instrument (WIT) 2) has partly been completed with a pilot detector system. 

The instrument has been installed at the H-2 neutron beam hole which 
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directly views the polyethylene moderator at 'room temperature. The 

schematic drawing is given in Fig. 9. The instrument is equipped with a 

two dimensional converging Soller slit and 12 annular 6 Li glass 

scintillation detectors. The FWHM of neutron beam size at the focusing 

point is observed as 9 mm x 9 mm without escape ghosts. The 12 annular 

detectors are located at the scattering angles between 0.46“ and 4.88“ and 
-1 

can cover the Q range from 0.008 A to 1.34 A 
-1 

by use of the wavelength 

between 0.4 i and 6 i. .The construction will be completed by this year. 

Change of the cold moderator from the grooved to the flat brought 

great advantage to the performance of the high-resolution powder 

diffractometer (HRP). The resolution Ad/d was improved from 0.40 to 0.30 

%. The simpler form of the peak shape function from the flat moderator 

made it possible to establish a Rietveld program 3) for analyzing powder 

patterns from the HRP. The HRP simultaneously utilizes a wide range of 

neutron spectrum 0.5-10 A. Correspondingly, the pulse shape function of 

neutrons significantly varies with neutron wave length : from a narrow and 

more symmetric one at the l/E region to a broad asymmetric one at the 

Maxwellian region of cold neutrons, passing through a more complex shape 

at the transient region. It is very important to use a neutron shape 

function expressed by a unified set of parameters over the entire range of 

wavelength. We used a peak shape function of Cole and Windsor type, 4) but 

modified it based on a new pulse shape function by Ikeda and Carpenter. 5) 

The peak shape is described in terms of three separate regions: leading 

side with a Gaussian function, trailing side with another Gaussian 

function and trailing edge expressed by mixing two exponential functions. 

The mixing ratio changes with neutron wavelength; the steeply decaying 

exponential function is dominant in the short wavelength region, while the 

slowly decaying function becomes major with increasing wavelength. Figure 

10 shows a diffraction pattern from Al203 together with calculated 

Rietveld profile. The pattern covers a d-range of 50 - 350 pm and 

includes 274 reflections. Final R-factors are R 
wp 

= 7.1 %, R = 4.9 %, 
P 

RB 
= 1.9 % and RF = 1.8 %. 

The polarized epithermal neutron spectrometer (PEN) is one of the 

most challenging machine in our faci_lity. The polarized epithermal 

neutrons with the polarization of 70 % or more are normally produced by a 

dynamically polarized proton filter. 6) As a unique use of the polarized 

69 



epithermal neutrons, measurements of parity non-conserving effect in 

nucleus were carried out. This is well demonstrated in Fig. 11 where 

helicity dependence of the resonance of the neutron radiative capture 

reaction of 
139 

La observed with the PEN 7) is shown. The preliminary 

result of asymmetry in the '{-ray intensity was obtained to be (9.5 2 1.2) 

%. 

The three LAM-Type quasielastic / inelastic scattering spectrometers 

(LAM -80, LAM-40 and LAM-D) are the busiest ones in our facility. About 

l/3 of the proposals approved this year are allocated to these machines. 

One of the three machines, inelastic scattering spectrometer LAX-D, has 

only one analyzer mirror, but is scheduled to be upgraded. The new 

machine will have four analyzer mirrors as shown in Fig. 12. The machine 

can ccver the range of energy transfer below 100 meV with a constant 

energy resolution of which typical value is about 0.3 meV for elastic 

scattering (4.3 meV). 

Some of the interesting measurements recently done by use of these 

machines are (1) quasi-elastic scattering of a super cooled water measured 

with LAM-40, (2) quasi-elastic scatterings of polyethylene and 

polybtadiene measured with LAM-80 above their melting points, of which Q 

dependence were quite different with each other and (3) low energy 

excitations measured with LAM-40, which are ccmmonly observed in various 

kinds of disordered states including organic 

inorganic glasses. 

amorphous polymers and 

A series of chopper phasing experiments to the accelerator (500 MeV 

synchrotron) were carried out extensively with a newly developed phasing 

circuit. Since the frequency of the synchrotron is not exactly constant, 

it is an inevitable task to keep the chopper, with its high moment of 

inertia, sufficiently in phase with the synchrotron to achieve a better 

time-of-flight resolution. Within the acceptable time band (= 50 ~.ls 

centered at peak field in the synchrotron magnet), the proton beam can be 

extracted according to the request from the chopper. If the request is 

outside the band, the beam is automatically extracted at the end of the 

band. Though the phase fluctuation of the chopper is about t 20 ps at 400 

Hz, we have achieved a phased extraction within a time accuracy of ? 0.4 

US with a duty cycle of more than 99 %. The performance is sufficiently 

good for a practical use. The design work on the chopper spectrometer 
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(INC) is now in progress. 

The other instruments (HIT, SAN, MAX, RAT, TOP) run well as usual 

without great improvement of the instruments this year. 

4. Future Program KENS-II 

As a next generation neutron source in Japan we proposed an intense 

pulsed spallation neutron source so called KENS-II. The proposal included 

the construction of a high intensity proton synchrotron which was also 

supported by the pSR group. The whole project including a future program 

of the nSR as weil as the name of the accelerator are then called GEMINI 

(a Generator of Meson Intense and Neutron Intense beam). - For past five 

years the design studies of the accelerator system have extensively been 

performed. 899) The design goal of the synchrotron was 800 MeV with a time 

average beam current 500 ~.IA and with a repetition 50 Hz. Recently 

scientists in the field of nuclear physics have proposed a future program 

so called Super Hadron Project aiming to produce intense kaon and 

anti-proton beam. Since then the both projects are being 

KENS-II project is getting a wide range support among the 

scientists and expected to be authorized as a part of the 

Project. 

unified. Now 

Japanese 

Super Hadron 

The accelerator system in this program is still open, but may consist 

of a proton linac, a first ring accelerator for neutron and pion 

production which corresponds to the previous GEMINI part, with a storage 

ring for nuclear physics, and a 20 - 30 GeV ring accelerator for kaon and 

anti-proton factory. In the first phase of the project the existing 12 

GeV proton synchrotron will substitute the 20 - 30 GeV ring accelerator 

after a necessary upgrading. Requirements for the first ring accelerator 

are of wide variety group by group. Neutron group requests pulsed proton 

beam with lower energies (Cl.5 GeV) and a repetion rate not larger than 50 

Hz but with possible highest beam current, while ySR people do with higher 

energies (>1.5 GeV), better emittance and with more frexibility in pulse 

width and repetition rate. The nuclear physics group requests higher 

energies 3 GeV or more and some times stretched beam, of course, with 

better emittance. 

In order to make our standpoint more clear we performed a neutronic 

computer simulation for various proton energies in the range 0.5 - 3 GeV, 
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using a high energy transport code NMTC/JAERI. 101 As a model target, we 

assumed a cylindrical target, 10 cm in diam. and 32 cm (64 cm for 3 GeV) 

long, which consists of many disks of depleted uranium enclosed in a 

bonded clad of zirconium with proper cooling water gaps. Beam profile of 

protons incident upon the target was assumed to be cylindrical, 4.7 cm in 

diam. which may be typical for high intensity proton beam. 

Figure 13 shows the total neutron yield for various proton energies. 

Neutron yield is almost proportional to the incident proton energy below 1 

Gev, but there is no advantage for energies much greater than about 1 GeV. 

3 GeV proton produces only two times as many neutrons as 0.8 GeV proton. 

Figure 14 shows axial distributions of source neutrons integrated over the 

radial direction. The maximum luminosity is almost unchanged with 

increasing proton energy. For reference, Fig. 15 shows spatial 

distributions of energy deposition in the target. Maximum heat load is 

also unchanged with proton energy. 

Thermal neutron beam intensity was calculated using the TWOTRAN-II. 

In the two dimensional calculation, we assumed an annular water moderator, 

10 cm wide and 5 cm thick, surrounding the target with a beryllium 

reflector 30 cm thick in the remaining part of the target cylinder, 

instead of a reference moderator 10 x 10 cm2 x 5 cm thick as usual. Table 

I summarizes a rough estimate on relative intensity of thermal neutrons 

from the moderator for various proton energies. 

We decided from the result that the acceptable maximum proton energy 

for pulsed neutron research, as a consequence of compromise with other 

group, is around 1.5 GeV. 

The energy of the injector proton linac is another crucial point in 

the discussion. The nuclear physics group is keen to have a higher 

energy, hopefully 1 GeV, in order to obtain proton beam with better 

emittance from a synchrotron. The maximum energy of the injector, of 

course, depends on the total budget available. An injection energy of 100 

MeV was considered in the original GEMINI, but higher injection energy is 

welcomed also in the first ring. Fox example 300 MeV injection will 

largely improve the performance of the first ring accelerator. 
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Table I Thermal Neutron Yield 

Ep (GeV) Thermal Neut. yield Total No. of Source Neut. 
(x0. unit) 

0.8 59.3 3962 

I .5 82.85 6010 
2.0 96.37 7119 
3.0 106.03 at99 

Inconei 6CC 
Targer housing 

Zircaly-2 clcd deplered 
uranium target blocks 

Eeam window 

Fig. 1 Illustration of the target assembly which consists of four 

blocks of depleted uranium enclosed in a bonded clad of 

zircaloy-7 alloy. Target hausing is made of Inconel 600. 
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Target 8 Cold Moderator Operation 
I I I I 1 ’ 1 1 1 

Cold Moderator 

Fig. 2 Operational characteristics of the target and the cold moderator 

at a proton-beam current of 2.5 !JA : center temperature of the 

first target block (upper figure), temperature of the 

solid-methane moderator (lower figure). 

0 d-1 
I 2 3 4 5 6 7 8 

Wave Length in Angstrom 

Fig. 3 Neutron gain factor of the uranium target relative to the 

previous tungsten determined by thermalized neutrons from the 

polyethylene moderator at ambient temperature. 



Fig. 4 

New cold moderator container, 

12 cm wide, 5 cm thick and 

15 cm high. 

- 

- 

- 

c I I I I I I 
2 4 6 8 IO 

Wave Length in Angstrom 

Fig. 5 Ratio of the cold-neutron spectrum from the new solid-methane 

moderator to that from the previous grooved one. 
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Fig. 6 Comparison of the background level in powder diffraction (worst 

example) : with a tungsten target (upper figure), with a uranium 

target (lower figure). The higher background in the uranium is 

due to delayed neutrons. 
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Fig. 7 Layout of a one-dimensionai PSD using a 6 Li-glass scintillator 

installed at the single-crystal diffractometer FOX. 

Fig* 8 Three-dimensronal display of 

the diffraction pattern from 

a BaPb0.7Bi0.3 
0 crystal. 
3 

(1IMlx1mmx2m). 
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Fig. 9 Schematic layout of WIT. 
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10 (a> Neutron diffraction patter of A1203 observed with the HRP. 

Regions where Bragg reflections of the vanadium sample holder 

appear are omitted. 

(b) Enlarged portion in the range d = 50 - 100 pm. Background is 

subtracted. 

80 



- 
q 
0 - 
x 

- 

5 
2 
0 

11 

10 

9 

8 

230. 240 250 260 270 280 290 300 

CHANNEL 

Fig. I.1 TOF spectra around 0.743 eV resonance of 
139 

La observed with the 

PEN. The thick and thin lines are refer to the spectra for the 

parallel and antiparallel neutron polarization to the beam, 

respectively. 

SAVPLE 

CHAMBER 

I 
‘He\ COUNTER 

Fig. 12 Schematic layout of a new LAM-D. 

81 



70 - 
I / 

60 - 
I /Y I 

33 -, 
1 /I .,_--$-- 

Neutron Yeild 4. I /’ / tr 
/proton / 

30 - 
v 

I 
.z 

20 - /I I 

/’ i 

I / 

0 1033 2000 -3320 4cm 

Proton Energy in fleV 

Fig. 13 Neutron total yield vs proton energy. 

3000 

2500 

N 

e 2000 
U 

t 

f 
I500 

0 

n 1000 
S 

500 

0 

0 5 IO I5 20 25 30 
Z cm 

Fig. 14 Axial distribution of source neutrons for various proton 

energies. 

82 



Fig. 15 Spatial distribution of energy deposition for different proton 

energies. 
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PROTON STORAGE RING COMMISSIONING AT LANSCE* 

G.P. Lawrence, R.A. Hardekopf, A.J. Jason 
B. Blind, and T.W. Hardek, AT-3, MS H808 

Los Alamos National Laboratory, Los Alamos, NM 87545 USA 

INTRODUCTION 

The Proton Storage Ring (PSR), 1 now being commissioned at Los Alamos, is 
a fast-cycling high-current accumulator designed to provide intense 
800-MeV proton pulses for driving the Los Alamos Neutron Scattering 
Center (LANSCE) spallation source.2 Although originally intended to 
operate in both a short-bunch accumulation mode (for fast neutron spectros- 
copy) and a long-bunch mode (for neutron scattering), the PSR as now im- 
plemented provides only a long-bunch output optimized for the requirements 
of a materials science research program using thermal neutrons. In this 
mode, the storage ring accumulates a long (up to 1000~ps) macropulse 
from the LAMPF linear accelerator into a short (270-ns) first-harmonic 
bunch and ejects it in a single turn. The design repetition rate is 12 Hz, 
which will provide 100 A on the neutron-production target, assuming the 
design goal of 5'.2 x 10 Y 3 protons from the linac in each macropulse. 
If beam losses can be sufficiently well controlled, the longer range 
plan calls for increasing the pulse repetition rate to at least 24 Hz, 
and perhaps to 48 Hz, to provide more current both for neutron scatter- 
ing and proposed neutrino physics programs. 

The PSR, which was built for a capital cost of about $22 million, was 
completed on schedule in late March 1985; first beam was circulated on 
April 25, Most of the remainder of 1985 was devoted to commissioning 
and developing an understanding of how the machine operated in practice. 
Particular attention was given to illumination of beam-loss mechanisms. 
By the end of 1985, the storage ring had operated briefly in production 
at 30-PA average current and had accumulated up to 2.6 x 10'3 protons 
per pulse, about half the design goal. However, beam losses during accu- 
mulation and at extraction were considerably greater than estimated during 
design. The limitation on maximum charge accumulated in PSR in 1985 turned 
out to be the peak intensity available from the H- ion source, although 
beam loss, apparently from a very fast instability, was observed under 
some conditions above 1.5 x 10'3 protons per pulse (ppp). During the 
accelerator shutdown from January to July 1986, the 1985 commissioning 
resultswere assessed, and several improvements were made in PSR and its 
associated beam transport systems. The operating plan for the 1986 run 

------_ 
*Work supported by U.S. Department of Energy. 
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cycle has scheduled 40% of the available time for LANSCE beam production, 
40% for continued commissioning of PSR, and the remainder split between 
machine maintenance and nuclear and neutrino physics programs sharing 
beamline-D. Major 1986 goals are to demonstrate 100~pA average current 
through PSR at 20 Hz and to investigate the high space-charge region up 

g to about 4 x 1013 ppp. The existing H- source has been improved durin 
the shutdown, but it is expected that a new source design will be requ 
to reach the goal of 5.2 x 10'3 ppp. 

So far this year the storage ring has operated routinely at 25 PA for 
LANSCE production, and machine physics experiments have reconfirmed bo 
the short beam lifetime durin accumulation and high extraction losses 
Charge levels up to 3.3 x 10 13 ppp have been accumulated during high- 
intensity machine development. 

GENERAL DESCRIPTION 

Beam Preparation 

t h 

red 

Figure 1 shows schematically the components in the PSR project and their 
physical relationship. The scale is distorted to highlight the storage 
ring. A summary of the design operating parameters is given in Table I; 
Tables II and III list the significant structural and dynamical param- 
eters. 

005 MHz LINAC 

Tronsltion Region 

-201 MHz LINAC 

LAMPF PSR WNR 

Fig. 1. Schematic drawing (not to scale) of the PSR project. 

The PSR filling scheme requires multiturn injection by two-stage strip- 
ping of a high-intensity H- beam. Design intensity of this beam is 
13 mA at the output of the linac. About 6 mA was available for most of 
1985, and up to 5 mA has been available so far in 1986. 
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TABLE I 
PSR OPERATING PARAMETERS 

Number of bunches in Ring 1 Injection rate ‘2 PPS 
Bunch length in Ring 270 ns Filling time 750 '.ls 

Buncher frequency 2.795 MHz Extraction rate '2 PPS 
Protons/bunch accumulated 5.2 x 1013 Peak circulating current 46.3 A 

Accumulated turns 2100 Average current 100 PA 

TABLE II 

PSR STRUCTURAL PARAMETERS 

Orbit circumference 90.2 m Dipole field 1.20 T 

Focusing structure FODO Bend radius 4.06 m 

Lattice type Separated function Dipole aperture 10.5 cm x 28 cm 

No. of periods 10 Quadrupole gradients 3.92, -2.33 T/m 

Free straight section 4.5' m/cell Quadrupole aperture 18.1 cm 

Dipole length 2.55 m Quadrupole length 0.47 m 

TABLE III 

PSR DYNAMICAL PARAMETERS 

Circulation period 357.7 ns 

Proton kinetic E 797.0 MeV 

Proton 8, Y 0.842, 1.849 

Proton rigidity 4.869 Tm 

Transition y 3.02 

Tunes (Q,.,, Q,, nom) 3.2, 2.2 

&p/p (injection/extraction) r0.001/+0.003 

Emittance, injected beam 0.05 cmemrad 

Emittance, extracted beam 2.0 cmamrad 

Phase advance/cell: 

Horizontal 115" 

Vertical 79" 

Considerable modification to the linac injector complex and switchyard was 
required to deliver H- beam pulses to PSR while minimizing interference 
with other LAMPF experimental programs. The 750-keV H- transport was 
completely rebuilt to accommodate multiplexing between the high-current 
H- and polarized (P-j beams and to provide the correct optics for 
slicing the PSR macropulse into 270-ns beam bursts every storage ring 
revolution period (360 ns). This is accomplished by a traveling-wave 
fast-rise-time electrostatic deflector (chopper)." 

87 



In the switchyard, totally reconfigured for PSR operations, the positive 
and negative beams are first separated vertically. Then the H- macro- 
pulses for PSR are deflected horizontally into Line D by a kicker magnet 
and septum, whereas P- pulses pass unperturbed into Line X. The kicker, 
which is driven by a high-current/low-voltage modulator, has a rise time 
short enough (40 l.~s) to permit macropulse splitting and a tightly regu- 
lated 1000~Ps-long flat top.4 

Injection 

Beam is transported to PSR through the pre-existinq Line D and the new in- 
jection line. All magnetic fields in th 
avoid field stripping the H- ions. The 
permit bending in horizontal and vertica 

Included in the injection line are seven 
strippers that are used to convert the H 

s channel-are below 4.0 kG to 
njection line is skewed to 
planes simultaneously. 

pairs of remotely insertable foil 
beam halo to H+; the H+ ions 

are sent to a beam dump under the ring floor. In principle, when the in- 
jection line is properly tuned, these beam scrapers should provide nearly 
complete rejection of all transverse phase space outside 30 for a mono- 
chromatic beam. In practice we have found it essential to use these 
scrapers to reduce beam losses in the storage ring, but because momentum 
dispersion is nonzero in this part of the line, the trimming is not per- 
fect. 

At the end of the injection line, the H- beam is completely converted 
to Ho by a 1.8-tesla transverse magnetic field (stripper magnet>. The 
neutral beam passes through a hole drilled in the yoke of a storage ring 
dipole and then contacts the (distorted> closed orbit while traversing a 
thin (ZOO-pg/cm2> carbon foil, where it is stripped to H+ with about 90% 
efficiency. The unstripped Ho beam leaves the ring through a hole in 
the next downstream ring dipole and is deposited in a well-shielded beam 
dump. 

The magnetic stripping process implies an intrinsic emiftance growth in 
the injected beam that depends on the magnet gap and horizontal beam size. 
A gap of one centimeter for the present stripper magnet adds a divergence 
of 0.36 mrad and for the chosen beam size causes a nearly threefold in- 
crease in emittance. This emittance growth severely constrains matching 
to the ring. A nearly homothetic match to the ring phase space can be 
accomplished in the vertical direction, but the horizontal match neces- 
sarily fills nearly the entire one-rms horizontal area alloted for a 
2 cm-mrad beam. This situation is shown in Fig. 2. 

The closed orbit is distorted (bumped) vertically during beam accumula- 
tion by a set of six pulsed magnets to allow control of phase space fill- 
ing in that plane as well as minimization of beam-foil interaction. The 
distortion is a maximum at the beginning of accumulation and is pro- 
grammed to zero by the end of the cycle. To maximize effectiveness of 
the orbit bump, the four quadrupoles at the end of the injection line are 
used to provide a good match to the storage ring in the y-y' phase plane. 
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WOllllAL STOIIED SEAM 

IrlllJECTED BEAN 

Fig. 2. Transverse phase space areas for PSR injected (small ellipses) 
and accumulated (large ellipses) beams. The accumulated beam 
emittance is taken to be 2 cm-mrad, corresponding to the Laslett 
tune-shift stability limit for the PSR operating parameters. 
The horizontal phase space area of the injected beam is shown in 
the left figure. The evident mismatch is necessitated by the 
stripper-magnet optics, which has also increased the beam emit- 
tance. In the right figure, the vertical injected beam (0.05 
cm-mrad rms emittance) is shown dashed at the orbit bump tra- 
jectory extremum. The small mismatch shown is necessary to op- 
timize transmission through the stripper magnet. 

The Storage Ring 

The ring design is basically a perfectly symmetric lo-cell FODO 
separated-function lattice. With a circumference of 90.2 m, the beam 
circulation period is 357.7 ns at the nominal linac energy of 797.0 MeV. 
For simplicity in discussion, we usually-round these numbers to 360 ns 
and 800 MeV, respectively. 

The 10 ring dipoles have parallel ends and are assembled from steel lami- 
nations. They are driven in series by a single power supply; transistor 
shunts are provided to allow adjustment of effective magnet lengths. 
Error multipoles are corrected in the integral sense by appropriately 
contoured solid steel pole end blocks. The F and D quadrupoles, fabri- 
cated from solid steel pieces, are identical except for their current ex- 
citation. Each set is driven by a separate power supply. The vacuum en- 
velope is stainless steel, with each section pumped by two 600 Q/s 
ion-pumps. A pressure of less than 2 x 10-8 torr is maintained in the 
ring. 

A single, first-harmonic rf buncher is provided in the storage ring to 
maintain a beam-free region for low-loss single-turn extraction. On each 
successive turn during accumulation, a new 270-ns beam bunch selected by 
the linac H-Y injection line chopper is added synchronously and at zero 
relative phase to the previously inserted bunch stack in the rf bucket. 
The bucket amplitude is programmed to increase as accumulation proceeds 
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for space-charge confinement. A secondary function of the buncher is to 
increase the momentum spread of the stored beam, providing stabilization 
by Landau damping against wall-induced coherent motion at high space- 
charge levels. The buncher itself consists of a conventional single-gap, 
ferrite-loaded l/4-wave coaxial cavity operating at 2.795 MHz. Because 
of the very large peak circulating beam currents (up to 46 A), the rf 
amplifier has been designed with an exceptionally low output impedance 
(20 Q> to reduce beam loading to a negligible level.5 Second and third 
rf harmonics have been added to the buncher system in 1986 to help homogen- 
ize the longitudinal density distribution and control the beam momentum 
spread. 

Extraction 

Single-turn extraction is achieved by two 4-m-long balanced strip-line 
kickers, each energized by thyratron-switched Blumlein pulse lines. The 
kickers generate 300-ns-long, *45-kV pulses with 60-ns rise times. 
Working in combination with the lattice magnet elements, the kickers 
deflect the stored beam 8.5 cm horizontally into the throat of a 5-kG 
septum magnet, the first element of the extraction transport channel. 
The channel consists of regularly spaced, large-aperture quadrupole 
doublets; it delivers the extracted beam to Line D from where it is 
transported to the LANSCE neutron-production target. Several 
quadrupoles were added to this portion of the original beamline to 
facilitate good transmissi on of high peak-current beams. A vertically 
oriented dipole located a short distance along the extraction channel 
allows the beam to be swit ched to a separate beam dump so that the 
storage ring can be tuned at low average current before the extracted 
beam is directed to the target. 

COMMISSIONING 

Chronology 

PSR construction was completed on schedule in late March 1985, and first 
beam was circulated on April 25. Beam was first extracted from PSR on 
May 24. The early summer was devoted to studying ring performance at 
low average currents and up to 2 x 1012 protons per pulse. Much of 
this period was devoted to debugging equipment and controls software and 
to improving operational reliability. The closed orbit was corrected to 
within 1 mm, using active shunts on the dipoles for horizontal plane 
correction. Displacement of quadrupoles was necessary for vertical 

of the PSR design, it had been understood that keep- 

plane correction1 

From the beginning 
ing beam losses we 
at 100 PA. Within 
fractional beam lo 

11 below 1% would be a central requirement for operation 
a few weeks after turn-on, it became apparent that 
sses in PSR were considerably higher than anticipated. 

Average currents of l-2 PA induced activation levels exceeding 3 rem/hr 
(contact> in some components, even after brief periods of operation. Ma- 
chine experiments therefore quickly focused on trying to obtain a clear 
picture of beam losses and on studying the match from the injection line 
into the ring as one of the keys to understanding the loss mechanisms. 
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During the fall of 1985, a series of machine experiments exposed the main 
features of the beam loss. First beam (2 PA) on the LANSCE production 
target occurred on September 14. In November, with some improvements in 
instrumentation and tuning and also a decision to accept significant 
activation levels, trial three-day production runs were made at lo-PA 
and then 30-PA average currents. In mid-December, machine experiments 
were conducted at high peak intensities with a maximum of 2.6 x 1013 ppp 
being reached, about half the design goal. The peak accumulated charge in 
PSR was limited by the H- intensity (about 7.5 mA> available at that 
time and the maximum macropulse length (1000 Ps) allowed by the linac 
rf system. While tuning the ring at charge levels above 1.5 x 1013 ppp, 
some evidence of fast beam loss, possibly from coherent transverse motion, 
was observed. 

Activation levels resulting from the 30-i~A production run and the high- 
intensity machine experiments were high, especially at the extraction 
septum, where >30 rem/hr (contact) was measured shortly after beam shut- 
down. A few other locations had levels as high as l-2 rem/hr (e.g., the 
foil stripper and the quadrupoles in the two following straight sections), 
but most of the storage ring had activation levels below lOO-mrem/hr. 

The PSR was shut down during the first six months of 1986, along with the 
linac, for the usual budgetary reasons. During the shutdown, improvements 
were made to several hardware systems, especially in the area of beam 
diagnostics. Procurement of sextupoles for chromaticity control was in- 
itiated, higher harmonics were added to the 2.8-MHz buncher, the VAX 
'l/750 control computer was supplemented by a microVAX and a software 
development console, and the neutral-beam transmission holes in the in- 
jection-section ring dipoles were enlarged to reduce losses from the in- 
jected beam halo. 

Equipment Operation 

Much of the initial work in the 1985 commissioning program was devoted 
to operational check-out of the many complex pulsed systems and to 
bringing the diagnostics into operation. The traveling-wave chopper, 
which provided variable-length bunches up to 300 ns long for injection 
into the ring, performed nearly flawlessly from the start. The flexi- 
bility of the pattern generator that drives the amplifiers has been in- 
valuable for choosing the wide variety of pulse lengths and sequences 
needed for ring tuning studies.6 Typically, =500-V pulses having 
<5-ns rise times are needed to provide adequate chopping of the beam. 

The switchyard kickers have also been relatively trouble-free and have 
easily provided the ultra-flat deflection pulses required. The two modu- 
lators have been tested up to 40 Hz at a pulse current of about 2000 A. 
We believe that pulse rates up to 60 Hz are possible with only minor modi- 
fications, which will allow multiplexing LANSCE with other Line D programs 
requiring different macropulse chopping sequences. 

The extraction septum magnets 7 have operated reliably in spite of the 
activation of this region. The initial switchyard septum magnet ex- 
perienced coil overheating problems that interfered seriously with com- 
missioning during the early months. It was replaced by a septum with an 
improved coil design (parallel water circuits instead of one series con- 
nected loop) that has operated trouble-free. 
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The 2400-A transistorized pulse drivers* for the (six-unit> vertical 
orbit bump system have proved vulnerable to failures caused by imperfect 
protection against excess duty factor. Protection has been improved in 
1986. The driver pulse shape has been easy to adjust through an inter- 
active program using the console graphics/touch screens. 

The 2.8-MHz rf buncher amplifier has functioned generally satisfactorily, 
except for minor control problems. Second and third rf harmonics are 
being added in 1986 to provide a linear bunching waveform over a wider 
phase range. This modification should reduce the peak longitudinal 
charge density in the accumulated bunch, decreasing the maximum space- 
charge tune shift at high currents. Because the cavity bandwidth is broad 
and the overall duty-factor is low, the harmonics can be applied directly 
at the same cavity gap as the fundamental. 

The extraction kicker modulators have operated well and stably, cons 
ing their complex and unusual design.g They have provided suitably 
flat, 300-ns-long =45-kV pulses to drive the two 4-m-long strip-line 
flectors. The firing circuit for the modulators allows the operator 
adjust the desired extraction time in l-ps steps. A l-ns resolution 
circuit then produces a beam-associated rotation delay that synchron 
the actual kick with the azimuthal position of the beam in the ring. 
tation delays were set correctly for each modulator by observing the 

der- 

de- 
to 

zes 
Ro- 

stored bunch during its last revolution before extraction (using a beam 
transformer> and comparing it with the extracted bunch as seen by a 
similar transformer in the extraction line. 

A gradual and significant increase in kicker-pulse rise time from the 
50-ns design value has been observed, and is attributed to aging of the 
high-voltage switch thyratron. Troublesome circuit components have in- 
cluded the (copper-sulfate-cooled) line-terminating loads and the cir- 
cuits used to charge the pulse forming networks. 

Beam Diagnostics 

The strip-line beam position monitor system, which is tuned to process 
the 200-MHz microstructure imposed by the linac, has been described in 
several publications.10 It forms the backbone of the beam diagnostics 
both for the storage ring and the beam transport lines. It has per- 
formed efficiently and has provided us with vital data acquired during 
commissioning. In addition to its standard use for beam centering, it 
is also possible to observe fast and slow energy variation of the H- 
beam with this system. In the storage ring, it is used specifically to 
measure the closed orbit, fractional betatron tunes, relative beam 
intensity, and fast coherent transverse beam motion. 

The system competently handles the wide 
s 
ulse-intensity range present 

during beam accumulation in the ring (10 >, but filtering is necessary 
for observing the extracted beam after the 200-MHz frequency component 
has washed out. The main drawback has been that all 60 detectors are 
multiplexed through a single position-processing system for each plane, 
which sometimes causes an operational bottleneck. The reed-relay multi- 
plexers used in the ring (to assure wide dynamic range> have had life- 
time problems because of the continuous use of the system to monitor the 
closed orbit. Terminating resistor contacts at the strip-line detectors 
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have- also proved failure prone. Beam profile diagnostics in the trans- 
port lines consist of a mixture of wire-scanners, harps l1 and A1203 
viewing screens. In three-unit groups, the harps and wire-scanners are 
used to make on-line beam-emittance measurements. Although the harps 
have proved useful for determining the core width (lo) of the beam 
profile, their noise background has been too large to yield good infor- 
mation about the profile tails. The wire scanners do somewhat better in 
this regard, but are not installed in all beamlines and are slow. They 
too cannot reveal details of intensity distributions below the 1% level. 
This kind of information is crucial for understanding and minimizing 
injection losses, but is not accurately determined by present PSR 
diagnostics. 

A nonintercepting profile monitor is being developed to follow the trans- 
verse shape evolution of beam in the storage ring. This system, which 
relies on collection of electrons from the background gas atoms ionized 
by the circulating beam, may be available for use later this year. In 
the meantime, the time-dependence of the stored beam profile can be 
measured by ejection (at different accumulation times) onto an extrac- 
tion channel wire-scanner or harp. 

Other diagnostics 12 that have been important in commissioning are beam 
transformers for measuring the instantaneous stored current and longi- 
tudinal bunch profile, a wall-current monitor, and (in 1986) a split 
cylinder capacitive position pickup that can observe beam motion in the 
frequency range below 10 MHz. A time-of-flight beam-momentum detector in- 
stalled in Line D is used to measure fast fluctuations and slow variations 
in the injected-beam energy and will eventually be part of a feedback loop 
to stabilize the accelerator energy. 

Last, but far from least, are the beam loss monitors. In basic form these 
devices are liquid scintillators coupled to photomultipliers for observing 
beam loss at various points in the storage ring and beam transport lines. 
Some of the loss signals are integrated and fed to an automatic loss- 
limiting (fast-protect> system that shuts off beam when preset limits are 
exceeded. Other units are used for direct turn-by-turn observation of beam 
losses associated (at specific locations) with injection, accumulation, and 
extraction. The problems encountered with use of these loss monitors lie 
in quantitatively relating the loss-signal strength to actual beam loss, 
and (at high-peak-loss locations) obtaining sufficient dynamic range. 

RESULTS 

Experiments 

From nearly the beginning of PSR commissioning, the concentration of ex- 
periments has been on understanding and minimizing sources of beam loss at 
intensities below the current level where space-charge effects would be im- 
portant. We believe these losses are from single-particle effects, namely 
the interaction of individual beam particles with the physical environment, 
exclusive of the beam itself. Furthermore, the picture we have constructed 
distinguishes between single particle losses of several types, occurring at 
different times and locations. Although fast, coherent beam loss has been 
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observed briefly at very high accumulated charge levels (> 1.5 x 10'3 
ppp), not much investigation time has been devoted to such space-charge 
related phenomena. 

Other machine measurements have been carried out, including the horizon- 
tal and vertical chromaticity, a map of the significant resonance lines in 
the betatron tune space near the normal operating point, determination of 
single-particle phase-space trajectories as a function of betatron ampli- 
tude, and observation of the longitudinal bunch shape as accumulation pro- 
ceeds. 

Injection Losses 

Injection losses are due to long beam tails in x-x' and y-y' phase 
space, and also to tails of the &p/p (relative momentum) distribution in 
finite-dispersion regions. The acceptance of Line D and the PSR injec- 
tion line is large enough to transport the H- beam with very small 
losses up to the stripper magnet. The beam is focused within the l-cm 
vertical aperture of the stripper magnet to about a l-mm (la> vertical 
waist. Steering or lens misadjustment errors at this location can cause 
significant beam to be scraped off vertically by the poles of this mag- 
net, but proper insertion of the upstream halo strippers generally avoids 
this problem. A new halo stripper was installed in 1986 with orientation 
and longitudinal position chosen to image the stripper magnet gap, pro- 
viding specific protection for this device. 

During 1985, considerable injection loss was caused by beam halo scraping 
at the back-leg holes in the two ring dipoles traversed by incoming Ho 
beam and outgoing unstripped Ho beam. This situation has been remedied 
in 1986 by enlargement of these holes. 

Observation of turn-by-turn losses during injection has made it clear 
that there are important losses in the storage ring during the first few 
revolutions caused by transverse phase-space tails and dispersed momentum 
tails scraping on limiting apertures. Absence of a homothetic match in 
the x-x' plane between incoming beam and the storage ring exacerbates the 
problem, and a momentum mismatch in the angular component of phase space 
at injection contributes by increasing the transverse displacement of mo- 
mentum tails. Comparison of the time-dependence of loss signals at 
several ring locations indicates that such early-turn losses are greatest 
just downstream from the injection straight section and reduce to zero in 
about 10 turns. However, their absolute magnitude is hard to estimate. 

These losses can be reduced by a factor 10 by inserting the injection- 
line halo scrapers (thus removing about 5% of the beam) and also by 
tuning the linac to minimize momentum tails. While the lo width of the 
H- momentum distribution is normally about 0.05%, a poor accelerator 
tune can result in momentum tails exceeding 0.5%. Because the halo 
scraper configuration does not provide "clean" scraping in momentum space, 
at this time it is not possible to eliminate momentum tails in the injec- 
tion line without excessive reduction of beam intensity. 

An additional contribution to injection loss comes from angular dis- 
persion introduced by the stripper magnet. This dispersion was measured 



directly by comparing the HO beam profile with that of an unstripped 
H- beam. As shown in Fig. 3, this dispersion, while basically in ac- 
cord with predictlon, has a larger-than-Gaussian tail that adds signifi- 
cantly to the magnitude of the x-x' phase space. Even a zero emittance 
beam passing through the stripper magnet would emerge with a finite an- 
gular distribution from this process. Early-turn losses in the ring 
were completely eliminated only in a special experimental configuration 
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Fig. 3. Left Figure - Angular scattering of an initially collimated beam 
by the stripper magnet. Data were taken by allowing the beam to 
drift after magnetic stripping and measuring the horizontal dis- 
tribution. 

Right Figure - Comparison of stripper magnet scattering data 
with a Gaussian distribution of 0.36 mrad rms width, the ex- 
pected rms divergence addition for the stripper magnet. The 
trailing edge of the distribution reflects the finite vertical 
beam width; off axis particles are stripped with less angular 
growth but are deflected further, hence producing a high diver- 
gence tai_l. 

that employed a finely collimated H- beam injected through a thin (60- 
pg/cm2> stripper foil; the foil provided 50% conversion of H- to Ho 
and was temporarily substituted for the stripper magnet to permit a study of 
losses in the absence of the magnetic stripping. Because of its poor conver- 
sion efficiency, such an injection foil is not a practical operational option. 

Accumulation Losses 

By midsummer 1985, it became clear that significant beam 
accumulation as long as the circulating protons continued 

loss occurred dur 
to intersect the 

ing 

stripper foil. Several sets of experiments outlined the general character- 
istics of this accumulation loss, which appears to arise from scattering at 
the foil and is much stronger than predicted in design calculations. 

In one experiment, a small amount of beam was injected into the ring and its 
lifetime was determined (using a current transformer), as a function of 
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stripper foil thickness. The foils were inserted so that all protons inter- 
sected the foil on every turn, and lifetime was characterized by the time at 
which the stored beam intensity dropped to l/e of its level at the end of in- 
jection. Results of this set of measurements are summarized in Fig. 4, which 
shows very clearly that beam lifetime is inversely proportional to stripper 
thickness. Concurrent beam loss measurements are also consistent with a 
scattering mechanism for beam loss. 
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Fig. 4 Results of an experiment to determine the effect of stripper foil 
thickness on beam lifetime. As a result of this and other ex- 
periments, the foil thickness used for normal PSR operation has 
been reduced from 300 pg/cm2 to 200 pg/cm2. 

A typical lifetime curve for a 300-pg/cm2 stripper foil is shown in 
Fig. 5. This curve can be fitted fairly well by a function of the form 
exp C-(t/=)1.7l, where t is the beam lifetime, suggesting that beam 
loss proceeds through growth in the transverse beam emittance resulting 
from multiple interactions with the stripper foil, rather than by direct 
removal of protons in single collisions. The latter kind of process (such 
as nuclear scattering> would produce a lifetime curve with a simple ex- 
ponential decay, exp [-(t/z>], which looks very different from the ob- 
servations. 

Although beam loss from multiple scattering in the stripper foil was an- 
ticipated, the loss rate is much greater than was estimated during design. 
Recent particle tracking computations using a very accurate Monte Carlo 
representation of the Coulomb scattering in the foil have fallen short 
of simulating the observed beam-loss rate by more than an order of magni- 
tude. Figure 6 shows the results of tracking a large number of particles 
around a linear version of the ring lattice, with an angular scattering 
function applied each turn to simulate the foil interaction. Fractional 
beam survival is plotted as a function of the number of revolutions for 
several effective limiting-aperture dimensions. The calculation assumed 
that particles were always lost at the extraction septum, known to be 
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Fig 5. Lifetime curve for a 300 Pg/cm2 stripper foil. For this ex- 
periment, particles were allowed to circulate through the foil 
for several milliseconds, after injection. Normal operation of 
the 'PSR extracts beam immediately after injection, but the in- 
jection period can last up to 1000 Ps. 
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Fig. 6. Loss curves with a 300 pglcm2 foil for various assumed limit- 
ing half-apertures A. The simulation assumed 2000 initial particles with 
an initial Gaussian distribution of 16 mm horizontally and 8 mm verti- 
cally. It is assumed that all particles scattered by the stripper foil 
are lost when reaching a transverse amplitude of A (mm) at the septum. 
The curve for A = 25 mm is in best agreement with the measurements for 
the PSR. 
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the limiting aperture in the horizontal plane. The experimentally ob- 
served short lifetime can only be reproduced by supposing an effective 
aperture for the storage ring that is much smaller than the 4-cm physical 
half-aperture. A more sophisticated simulation using a nonlinear lattice 
description has been carried out with the Lie-Algebra code MARYLIE.13 
Even when a large sextupole is artificially inserted (at an F-quadrupole), 
the calculated beam lifetime is still much greater- than has been observed. 

The anomalously-short beam lifetime, presumably from scattering in the 
stripper foil, remains at preient a mystery. Additional experiments are 
in progress to shed more light on this puzzle. 

Extraction Losses 

Beam losses in the extraction channel have been difficult to quantify 
because of saturation of the detectors during the short extraction 
pulse. The septum magnet is the most highly activated component in the 
ring, however, and it must be assumed that some of this activation is 
caused by less than optimum extraction efficiency. Additional diagnostic 
devices are being added in this region to study the extracted beam tra- 
jectory. Work is also under way to develop nonsaturating, quanti- 
tative beam loss monitors. 

CONCLUSION 

The first year of PSR commissioning has demonstrated that the basic ma- 
chine design is sound and the equipment subsystems function according to 
specifications. Strong emphasis has been placed on increasing com- 
ponent and system reliability. Our primary goal, however, has been to 
study and reduce beam loss mechanisms so that activation remains suf- 
ficiently low to avoid remote handling during maintenance and upgrade op- 
erations. We have succeeded in this to a large extent by achieving 
one-third of the design average current and over half the design peak in- 
tensity with losses less than 5% and encountering no uncontrollable 
instabilities. The dominant loss mechanism is the accumulation loss that 
is likely caused by a virtual or real aperture restriction. 

A series of runs for our user group has demonstrated PSR's utility as a 
spallation neutron source with the world's highest peak intensity. During 
these runs, component activition remained low enough so that "hands on" 
maintenance was possible after a short shut-down period. in forthcoming 
development our main priorities will be to increase the linac-source in-. 
tensity as well as to understand and eliminate the anomalous beam loss 
observed. He feel confident that further machine experiments and im- 
provements, especially in the area of diagnostics, wiii lead to attain- 
ment of the 100 p_tP goal while remaininij within arrivaticln constraints. 
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STATUS REPORT ON SINQ, THE SIN NEUTRON SOURCE 

(August 1986) 

W.E. Fischer for the Project Group 

INTRODUCTION 

The main emphasis of the present work on SINQ is the production of a 

full engineering design for the source. The basic concept has not been 

changed but there has been (and will continue to be!) many modifications 

of details as we try to accommodate the necessary requirement that will 

make a system which can be built, operated and maintained. There is a 

continuing experimental program which includes materia'ls testing 

(corrosion and radiation damage), thermofluid dynamics investigations 

and neutronic performance examinations of the cold source. 

I. BUILDING WORK 

The SINQ project includes the construction of two new buildings; the 

neutron hall, to house the spallation source and spectrometers 

located at beam tubes, and the guide hall. The floor areas are 

34 x 51.5 m2 and '24 x 50 m* respectively. Both buildings are to be 

equiped with cranes of capacity and hook clearance 60 t and 18 m for the 

neutron hall and 10 t and 6 m for the guide hall, An artists impression 

of the SIN site with these new buildings is shown in Fig. 1. 

Figure 2 shows a plan of the SINQ area, the trench for the proton 

beam, an outline of the source and a tentative storage facility for 

irradiated targets are shown in the neutron hall, a cellar in the 

guide hall, containing active liquid storage tanks (again part of 

the upgrading of general SIN-facilities for high current operation) 

is shown with broken lines. 
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Fig. 1 Artists impression of the SIN-site with the new 
buildings for SINQ. The equipment on the roof of 
the guide hall is for the upgraded general SIN ex- 
perimental ventilator system. 
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Fig. 2 Layout of the neutron hall and the guide hall. Contours of the trench for the 

proton beam and the shielding of the neutron source. 



II. THE SPALLATION SOURCE - SINQ 

51 Principle -_----- -_ 

As a reminder, we will briefly describe the principal features of SINQ. 

A vertical section through the central region of the source is shown in 

Fig. 3. The proton beam is deflected downwards to pass under the beam 

tube area, thence to the centre of the source, and finally pitched 

vertically upwards to the spallation target. The proton energy at the 

spallation target will range from 560 to 590 MeV with an initial 

intensity of 1 mA. The target consists of a "pot" of Pb/Bi eutectic 

mixture (molten) of inner diameter about 15 cm and 3 m high. Most of 

the beam power is deposited in the bottom 30 cm and natural convection 

is to be used to transport this heat to an exchanger mounted at the 

top and hence away from the source llj. The active region of the target 

(the bottom 30 cm) is located at the centre of the D20 moderator which 

has a diarneter and height of about 2 m. 

Figure 4 shows a plan of the "fixed" part of the source (note; the beam 

tubes are on two different levels with a vertical centre-line displacement 

of 230 mm). The beam tubes pass through the bulk shield in boxes. This 

allows the beam tubes (shielding, collimator, introduction of special 

equipment etc.) to be custom-built to the requirements of the individual 

instruments. It also makes it easier to make modifications as the source 

develops. Every beam tube will also have extra shielding outside the limit 

of the bulk shield which is most easily constructed onto flat faces; 

this extra shielding will normally contain the monochromator. 

ii) Proton Beam Injection and the Window Problem __ --_I____________________l________l_l____~~~~~ 

The optics of the primary-proton beam was discussed in some detail at 

the last ICANS-meeting 121. An important feature of the design is the 

collimator close to the target window. 
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Eisenabschlrmung 
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Fig. 4 Layout of the beam tube plugs and the insertions for the two cold sources. 



This collimator enforces a doub le focus of the proton beam 

defined position, presently 1.5 m in front of the target w 

With the given emittance of the beam, this produces a beam 

the target window which cannot be smaller than 6 cm. This 

precaution in order to guarantee that the power density in 

material does not exceed k130 w/grm. 

indow (Fig. 3). 

diameter at 

is a necessary 

the window 

at a well 

Nevertheless, it is most likely that the beam window will be the limiting 

component on the target lifetime; we aim for this to be at least 1 year. 

In an experiment at the Los Alamos beam dump 131, the mechanical properties 

of various types of steel under proton irradiation were examined. The 

samples were also irradiated in contact with Pb/Bi to make a first attempt 

at seeing if there are any radiation induced corrosion effects. 

Figures 5 and 6 show the strain-stress behaviour of pure iron and a 

12 %Cr-1 %Mo (alloyed) steel, unirradiated and after being irradiated to 

fluences of 4.8~10" and 5.4~10~' protons/cm2. All the irradiations were 

made at a sample temperature of 400' C. The expected embrittlement of the 

pure iron was observed. The steel, however, retained its ductility up 

to the higher fluence. Although this steel seems a suitable candidate for 

the window material, the fluence used in the test is a factor of 6 to 

7 below the expected operational value. Hence further tests are in progress. 

The microscopic analysis of the samples for corrosion effects has not yet 

been made although macroscopically no signs of Pb/Bi induced corrosion 

have been observed. 
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Fig. 6 Stress-strain behaviour of Fe-lPCr-1Mo steel after irradiation 
with 800 MeV protons 
Low fluence : 4.8 10 P/cm 
High fluence: 5.4 10 P/cm 
Sample temperature was 400 C 
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iii) Cold Sources and Beam Layout --- ____________________----- ___ 

In order to optimize the performance of SINQ at longer wavelengths we 

plan to install two cold sources ; a small H2-source and a large (20 1) D2- 

source. A vertical insert for the cryogenic thermosyphon-systems of these 

sources would interfere severly with the infrastructure of the spallation 

(target heat exchanger, secondary cooling circuits, and (possibly) a gas 

extraction system). Due to this we have decided on a solution with 

horizontal plugs inserted through the bulk shield. The height difference 

to the liquifiers needed to make the thermosyphon principle work (3 to 

4 m for the D2 source) can be obtained in a vertical shaft at the 

periphery of the bulk shield. According to the investigation for the 

second cold source at ILL [41 and the expected power deposition in the 

cold source and its container [5], this solution should be feasible. 

The beam tube layout may be seen in Fig. 4. There are five neutron beam 

tubes, each of which provides two independant beam ports. Two of the 

equipment boxes are for the cryogenic infrastructure of the cold sources 

and there is a 

beam tubes are 

not a "through 

tube and box for the first sections of a guide system. The 

on two different levels; the two thermal neutron beams are 

tube" and so one of these can be used to provide a-hot source. 

There are four beam parts viewing the H2-source which should provide a 

neutron spectrum in the region 80 to 100 K. The D2 source will produce 

a neutron spectrum in the 20 to 30 K region and is viewed by two beam 

ports and the guide system. 

Two guides are planned for the initial operation of SINQ; the option 

of installing a third is being built into the design. Guides of cross 

section 30x100 mm2 are to be used and one will be-split to provide two 

branches of 30x45 mm2 cross section. Because of the high-energy neutron 

background we prefer to localise the beam loss in a single strongly 

shielded region and plan to include beam benders into all guides as the 

means of obtaining a good sproad and hence sufficient room for the 

instruments in the guide hall. These benders and the splitter are to 

be mounted in a beam switch-yard at the laternal face of the bulk 
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shield. The benders would consist of 12 guidlets with a wall thickness 

of 0.5 mm and a gap of 2 mm. The parameters for bending angles of 2' 

and 4' are given in Table I. Since this ystem is rather similar to the 

concept of the new guide laboratory at KFA-Julich, our decision will 

depend on their operational experience. 

Table I 

' Bending angle 
1 

z" 4O 3 

Length (m) 

Critical wave length (8) 

Bending radius (m) 

3.5 4.0 
? 

i 
f 

3.1 4.1 

107.0 57.2 
i 
i 

1 -i/ 

The guides are assumed to be coated with 58Ni, that is k = 2.04 x low4 

rad 8-l. 

Ii) SINQ-Performance _--_-_-_-----_--- 

The design and performance of SINQ are based on results from an 

experimental program for the investigation of the neutronics. This 

program has been realized by a Jiilich-SIN collaboration on a secondary 

proton beam at SIN with a one-to-one mock-up model of the source [63. 

In later runs [71 several configurations of cold hydrogen sources and 

their spectra were examined. From these data we can estimate the 

spectral fluxes at monochromator (or velocity selector) positions of 

beam tubes and neutron guides. The spectral fluxes from the D2-source 

have, however, not yet been measured at the mock-up and the fluxes 

presented here are based on the measurements made 

for the development of the cold source at ILL. 

by Ageron et al. [81 

The spectral fluxes are shown ill Fig. 7. They are based on a primary 

beam current of 1.5 mA (1 Mw beam power) and beam tube tips of height 
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10 cm and width 5 cm. Fluxes for the three different guide arrangements 

as listed below, are also included: 

a) a straight guide plated with Ni 5% 

b) the same guide as in a), but also including a Be-filter of 50 cm 

length at a temperature of 100' K 

c) a guide which is plated with natural nickel and a-4'-bender. 

All three systems are assumed to have a length of 40 m. 

n/cm*SL 
Jo =l.SmA (E =590 MeV) 

12 3 4 5 6 78 9 10 

Fig. 7 Spectral fluxes at monochromator (or velocity-selector) 
positions at thermal beam tubes, cold tubes and neutron 
guides. 
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Introduction 

The Intense Pulsed Neutron Source (IPNS) Accelerator System has had a 

banner year since the last ICANS meeting. Average beam current increased 

by 12% to 13.4 uA and our already excellent reliability increased by 2.1% 

to 93.2%. The reliability improvement came not from equipment improvement 

as much as from prudent operating practice. In the prior year, we had 66 

hours of lost operation waiting for radiation cooldown before we could 

repair beam induced damage to our rf shielding liners. This year, thank 

the synchrotron gods, the liners stayed undamaged and no cooldown time was 

required. 

Table I. 

Accelerator Operating Summary 

Nov. 81- 
82 July 

Average Current (uA) 
Operating Efficiency (%) 
Scheduled Hours 
Available Hours 
Pulses on Target x lOi 
Proton on Target x 10 

8.02 
88.9 
3358 
2985 
2.94 
4.44 

Oct. 82- Oct. 83- 
83 Juiy 84 July 

9.21 11.46 
90.2 90.4 
3833 4750 
3458 4294 
3.33 4.23 
6.39 10.12 

*Work supported by the U.S. Department of Energy. 

The submitted manusxripf has been authored 
by a contractor of the U.S. Government 

or reproduce the published form of this 
contribution. or allow others to do IO. for 

Oct. 84- 
June 85 

11.94 
91.6 
2946 
2699 
2.81 
7.00 

Oct. 85- 
86 July 

13.39 
93.2 
3892 
3628 
3.80 
10.63 
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Operating Summary 

Several completed modifications were discussed in last year’s status 

report and the indications were clear that they had helped to increase beam 

on target without a concurrent increase in beam lost. These devices were 

primarily equipment feedback loops that helped correct for the power line 

phase slip that occurred when the neutron choppers1 controlled the start 

time of the synchrotron operating cycle. Just before the summer shutdown 

in July of 1985, a new type chopper-accelerator-synchronization system 
2 

was 

brought into test operation. This unit drastically reduced the rate of 

phase slip as well as limiting the slip to +15’. The effect of this new 

equipment was twofold. First, there was an immediate increase in beam 

current of about 1 uA and second, with the increased phase stability, it 

was easier to identify other equipment that should be improved. 

It was clear that the main culprit was the stability of the power 

supplies that power the main ring guide magnets. This instability was in 

effect making about 14% of the vacuum aperture unusable. An immediate 

assault on the regulator circuitry of these supplies was begun. This 

regulator improvement is described in some detail later in this paper. The 

problem with the regulator was a stubborn one. At first the “improved” 

regulator was worse than the previous unit and we ran six weeks averaging 

only about 11.5 uA. But the designer’s persistence paid off and by the end 

of December we had our first weekly average current of 15 VA and had pushed 

the short-term best up to 16.7 uA. In fact, since the completion of the 

regulator improvements the current is almost 14 uA averaged over 280 

million pulses. The target current graph (Fig. 1) shows the dramatic 

increase just before the beginning of 1986. 

The viewer of Fig. 1 will note that beam current improvement leveled 

off for most of 1986. Two new factors had entered the equation of IPNS 

operation. All attempts at increasing beam current stopped and we just ran 

the machine with little if any accelerator research. The last five months 

the accelerator research was less than 1% of the scheduled running time-- 

not a very healthy long-term situation. 

The first of these new fat tors was IPNS accelerator personnel 

participation in preparation of the proposal for the X-ray source proposed 
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1. IPNS Weekly Average Target Current Since Turn-on 

for Argonne National Laboratory (ANL). The number of people diverted 

wasn’t large but they were leaders in our beam improvement program. The ; 

second factor was IPNS accelerator personnel involvement in the Strategic 

Defense Initiative (SDI) Program at ANL. The SD1 program asked ANL to 

build two test beams in the old Zero Gradient Synchrotron (ZGS) hall for 

Neutral Particle Beam (NPB) activities. .This beam is derived from the.IPNS 

50 MeV H- linac. IPNS accelerator personnel took a leading role in the 

design and construction of these test beams and are now assisting in the 

operation of these test beams as well as operating the linac for NPB 

studies. These studies have consisted primarily of methods of neutralizing 

Ii- beams and sensing the direction, size, divergence, etc., of a neutral 

beam. In total, more than one-half of the accelerator group’s effort has 

been diverted to other activities this fiscal year. This is great for the 

financial health of IPNS but there will be long-term consequences if this 

continues too long. A photograph of one of the NPB test beams is included 

as Fig. 7. 

The point we have been trying to make is that this year’s great 

performance is based on previous year’s equipment improvements. However, 

our very experienced and skilled shift operators deserve a great deal of 

credit for taking advantage of the opportunities offered by the new 

equipment. As Fig. 2 shows, the beam losses have been held to about 
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1.5 uA. There are now 1.72 billion pulses on target and the residual 

radiation in the accelerator tunnel has not increased over the last year. 

We feel further increases in target current are possible when our personnel 

again are able to take a full time interest in the IPNS accelerator. 

The reliability graph (Fig. 3) and trouble distribution graph (Fig. 4) 

document our comfortable feeling about machine reliability. The operation 

has been very smooth from the user’s perspective. Most of the increase in 

ring magnet power supply (RMPS) trouble came during two long incidents of 

intermittent ground faults. Obviously, two thirty hour breakdowns are less 

of a user disturbance than ten three hour breakdowns. Most of the increase 

in kicker magnet trouble came from pushing the thyratron tubes for very 

long lifetimes. We got 560 million pulses out of one of the tubes. If our 

financial situation were improved we could probably decrease this source of 

trouble somewhat. 
jvJ&GE BEIM KISS CURRENT 

m 450 MO” hEl’ 8-4-86 
5 

Fig. 2. Average Beam Current Lost in the Synchrotron 

FE9 ,HAR APR( W” / J”N 1 d”L ,A% 
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Fig. 3. IPNS Accelerator System Reliability 
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RCS TROUBLE DISTRIBUTION 

HOURS OF TROUBLE PER 100 HOURS OF SCHEDULED OPERATION 

FY 85 REV. 8-4-88 FY 88 
BASE 2930 HOUR8 BASE 3892 HOURS 

3 

2 

1 

0 

Fig. 4. IPNS Accelerator Subsystem Trouble Distribution 

The following sections will provide brief comments on major accelerator 

subsystems. 

II- Ion Source and Preaccelerator 

A grooved’cathode magnetron H- ion source 3,495 has now been supplying 

negative ions to the RCS since early 1983. As shown in Fig. 4, the H- 

source reliability continues to be excellent with less than 0.3% of 
unscheduled downtime charged in FY 1986. This number not only reflects the 

ion source reliability but also includes the Cockcroft-Walton power supply, 

the high voltage column and all other ancillary equipment required to 

deliver 750 keV negative ions. 

The nominal negative ion output as measured in the 750 keV terminal is 

40 mA peak at the Rapid Cycling Synchrotron (RCS) repetition rate of 30 Hz. 
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There is no forced cooling on the ion source so the arc (beam) pulse width 

is limited by the source cathode temperature to approximately 80 us. The 

source is removed and cleaned after three or four thousand hours of 

operation. The only component normally requiring replacement after that 

period of operation is the titanium anode cover plate from which the 

negative ions are extracted through a 1 cm x 1 mm slit. With about 4000 

hours of 30 Hz operation, the focused ions from the cathode groove have 

eroded the anode cover plate by approximately 50%. 

With the somewhat long (>l m) 20 keV beam line separating the ion 

source from the high voltage accelerating column, it was decided we could 

operate without a refrigerated “cold box” to trap the cesium evolving from 

the source before it could have a chance to migrate into the column. 

However, after three years of operation it appears that cesium is indeed 

entering the column at certain times and can cause an increase in the 

column spark rate up to 3 or 4 times normal. The normal spark rate is 4 

per hour. “Normal” sparks do not trip off the Haefly power supply but the 

beam is inhibited for 1 second each time a “normal” spark occurs. After 

lowering the cesium flow into the source, the column spark rate will return 

to normal but it may take up to two days to notice the results. This lower 

cesium flow condition may result in less than optimum source performance. 

A source with closer fitting components which allows less cesium to escape 

was recently installed. This did seem to have a positive effect but a 

refrigerated baffle is being designed which should allow us greater 

latitude in cesium flow adjustment. 

Linac 

The 50 MeV linac was originally designed to run at 10 Hz and for all 

the years it provided beam to the ZGS the average repetition rate was one 

pulse per three seconds. While operating at 30 Hz for the RCS, the overall 

linac reliability has been excellent. Figure 4 shows the total linac 

downtime in FY 1986 accounted for less than one-half of 1% of the scheduled 

operating time. The only component that has obviously had an increase in 

failure rate due to the increased duty cycle is the upper blocking 

capacitor for the final rf tube (RCA 7835). The manufacturer believes this 

problem could be eliminated by changing the capacitor dielectric from 

irrathane to teflon. However, since this would require some redesign of 
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the 7835 cavity and the failure rate is not much more than one per year, 

there are no plans for any modifications in the near future. The 7835 

lifetime is nominally 15,000 hours and if anything, the average has 

increased with the higher duty factor. The high voltage modulator tube 

(Machlett 7560) was changed last November due to breakdowns from cathode to 

grid and it was noted to have accumulated over 43,000 hours. 

Synchrotron 

Ring Magnet Power Supply 

The stability of the injection field is determined by the stability and 

response of the ring magnet power supply (RMPS) regulator. With the old 

regulator, 6 injection field variations as a function of the phase of the 

power main had been over k8 gauss. Since the ring magnet power supply 

operates as a 24 phase dc rectifier, the variations had a frequency of the 

720 Hz, a frequency beyond the full response of the regulator circuitry. 

Although the variable frequency master clock2 was able to limit the 

variations of the phase of the power main to approximately *15’, this 

corresponds directly to a complete cycle of the 720 Hz injection field 

variation and therefore did not limit the variation of the minimum field. 

The improvements to the RMPS regulator system decreased the variation of 

the injection field by a factor of 2 to less that +4 gauss and therefore 

the beam position variation during injection to less than +3 mm. A block 

diagram of the new regulator is shown in Fig. 5. 

the 

are 

The basic concept for the old and new designs is the same except for 

manner in which the ac and dc components of the current feedback signal 

separated. The old design separated these components with a 

combination of low pass and high pass active filters, which required hand 

selected components for proper alignment and ovens for stability, and with 

limited frequency response responded poorly to initial surges and 

transients. The new design separates the ac and dc components of the 

current feedback signal with ideal rectifiers and summing amplifiers. A 

detailed schematic of the process is shown in Fig. 6. 

The current feedback signal is a 30 Hz ac sine wave offset by a dc 

level. This signal is peak rectified and filtered by an ideal rectifier to 
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yield a dc level proportional to the peak of the current feedback (ac and 

dc) . This rectified signal is combined with the original current feedback 

signal to provide an unbiased ac waveform which is again peak rectified and 

filtered to yield a dc level proportional to the ac component of the 

current feedback (ac current), The difference of the two rectified signals 

provides a dc level proportional to the dc offset of the current feedback 

(dc current). The dc levels proportional to the ac and dc components of 

the current feedback are used to generate the error signals for the 

remaining regulator circuitry which operates in the same manner as the old 

regulator design. 

Master Oscillator Adjustments 

The resultant increased injection aperture did not immediately manifest 

itself in increased accelerated intensities, however, it did provide beam 

intensity stability. As had occurred many times before, the accelerator 

operators were able to tune the accelerator under stable conditions and 

increase the intensity. The injection field stability also allowed other 

field dependent systems, such as the injection frequency to be optimized. 

The initial frequency program is derived from the i signal by integration. 

This yields a bipolar sinusoidal waveform which is offset by a stable 

reference to provide the required injection frequency from the voltage 

controlled oscillator. Correction of injection frequency for small 

variations of magnetic field are provided by sampling the field prior to 

injection, comparing the value to a fixed reference and applying this 

difference to the function going to the voltage controlled oscillator. 

Previously, this correction had not been able to be optimized with the 

relatively large variations of the injection field. After installation of 

the new ring magnet regulator, this circuitry was optimized, yielding an 

additonal measure of stability of the injected beam. These improvements 

contributed to the increase in current shown in Fig. 1. 

Ii- Stripping Foil 

After several years of experimenting with stripping foils of various 

types we have settled on pure carbon of 60 to 80 ng/cm2 thickness. These 

foils are commercially available in the U.S. The entire year’s running 

described in this paper has been carried out with only nine of these foils. 



The average life of each foil has been 42 million beam pulses which 

translates to about 500 hours of operation each. When thought of in terms 

of the protons and recirculations, a good guess is that each foil is struck 

about 5 x 1021 times. The failure mode is not total breakage but a 

shredding of the foil edge which effects stripping efficiency. These foils 

are brought up to essentially full beam current with only two hours of 

conditioning as opposed to at least six hours with the old plastic foils. 

Obviously this improved foil performance has helped create our average 

current increase. 

Carbon has always looked like our best choice but mounting difficulties 

have precluded its use in the past. In late 1985, a small 2 axis 

manipulator was developed to draw the foil from the water floatation device 

onto the holder and then draw the mounted foil assembly out of the water. 

This manipulator avoided the “jerky” motion of the human hand. It was the a 

“jerky” motion which frequently resulted in damage due to water surface 

tension. Temporarily supporting the free edge with a thin wire until the 

assembly was in a vertical position has always proved helpful. The success 

rate with these new techniques is about 50% when done by our most skillful 

man. 

Other Synchrotron Activities 

Many of the upgrades mentioned in last year’s ICANS report did not get 

completed because of our SD1 involvement but a few things are worth 

mentioning. 

We did, as planned, remove the trim octupoles and replace them with a 

second set of programmable trim quadrupoles. We had hoped to reduce the 6 

function distortion by applying smaller trim quadrupole correction in more 

than one location in the ring. The effect of the new apparatus on the beam 

was not beneficial although the ability of the new quadrupoles to shift the 

betatron tune was as expected. The new quadrupoles do not have the same 

beam effect as the old set located 120’ around the ring nor are beam 

effects equivalent when each set operates at one-half current. From this 

behavior we conclude that the benefit from the old trim quadrupoles is not 

correction of tune shift but is orbit error correction. 
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A second set of remotely controlled protective vertical collimators has 

been installed in the synchrotron. Like the first set, these are adjusted 

during operation to just touch the beam then backed away about 0.05 inch. 

Their purpose is to protect the rf liners from beam damage and also 

localize radiation from the lost beam. Since we had no liner damage this 

year, they must be working! 

Conclusion 

This year we harvested the fruits of previous years’ improvements and 

continued attention to reliability. Beam intensity continues to improve 

gradually which is about all that can be expected without major capital 

investments. Once the enriched target system becomes operational, perhaps 

the IPNS future will be more defined and significant accelerator upgrades 

can be considered. 

Fig. 7. Neutral Particle Test Beam A 
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1. 

ICNUSIX 
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PERFECT CRYSTAL AND MAGNETIC FIELD 
BEAM TAILORING 

Ii. Rauch 

Atoxainstitut der csterreichischen Universitaten, A-1020 Wien, Austria 

Perfect crystals and magnetic fields are effective and coherent 

tools for beam tailoring, Moderate magnetic fields can cause 

shifts of the perfect crystal reflection curve of the order of 

its width, which provides the basis for gated crystal systems 

and for crystal resonators. Various systems for an extremely I 

high energy or momentum resolution have been tested. They are 

based on an effective decoupling of the resolution from the 

intensity. It is shown how travelling magnetic waves can be used 

for an effective beam bunching from pulsed sources. I / 
/ 

IWTRODUCTIOW 

Evidently the ICANS-meetings deal mainly with more intense primary 

neutron sources but it should be remembered that the quality of a diffrac- 

tion experiment will still-depend on the economy with which the available 

neutrons are used throughout the whole experiment. Unfortunately, at 

present, thermal neutrons can only be produced by a statistical slowing 

down process, where they become spread into a wide phase space which 

causes a very low density in the elementary phase space (Maier-Leibnitz 

1966). There are no methods known for neutrons that give an increase of 

the phase .space density as exist in charged particle physics (e.g. 

Sorenson et al. 1983, v.d.Meer 1985). 
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To compete with other techniques of condensed matter research, a 

very effective use of the available neutrons is required. The decoupling 

of the resolution from the intensity is an effective tool in this direc- 

tion. A high resolution of one quantity - energy or momentum - is usually 

balanced by a worse resolution of the other. In certain cases the reso- 

lution in diffraction techniques has been increased up to a level where 

the objects and time scales under investigation are accessible to direct 

methods. 

It will be shown, in separate chapters, that the combination of 

perfect crystal diffraction and the Zeeman energy shift due to magnetic 

fields can be used for novel beam tailoring devices. Although the phase 

space density remains unchanged, the intensity can be shifted into phase 

space elements which are of interest to specific experiments. Not all 

details can be treated in this article and the reader is referred to the 

cited literature. 

2. RESOLUTION-INTENSITY DECOUPLING 

2.1 Spin-echo systems 

The spin-echo technique was established in 1972 (Mezei 1972) and 

is now widely used in neutron spectroscopy (Mezei 1980). It provides a 

decoupling of the energy resolution from the energy width of the beam by 

using the Larmor precession of the neutron spin to measrue the energy 

transfer. This method operates most effectively at small momentum 

transfers and reaches energy resolutions in the 10m4eV range. 

2.2 Nondispersive double perfect crystal systems 

These systems provide in momentum space, an analog of the spin 

echo system which operates in energy space. The symmetrical Bragg 

reflection from a perfect crystal can be given in the form of the Darwin 

curve (e.g. Rauch & Petrascheck 1978, Sears 1978) 
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R(Y) = 1 lyl ( 1 

R(y) = 1 - ~~ I~I > 1 (1) 

II(CI - e@nZ~ 
Y 

= 
x2bcN 

where eB, bc and N are resprectively, the Bragg angle, the coherent 

scattering length and 

double crystal system 

curves 

the particle density. The rocking curve of a 

is given by the convolution of two such reflection 

I(Y) = ~R1WP2W + VP%!’ (2) 

and exhibits a width of about 2 seconds of arc. The tails can be reduced 

by channel-cut crystals (Bonse 61 Hart 1965). These systems can be used for 

investigations of small angle scattering from a sample placed in between 

the crystals (Fig.1). The related momentum transfer regime is much smaller 

Fig.1: 

\ Cu - PREMONOCHROMATOR I reflection curve 

DETECTOR 2 

rocking curve 

Experimental arrangement to demonstrate, and indication of, the 

action of channel-cut perfect crystals on the rocking curve of a 

double crystal system, 



than in conventional small angle scattering instruments. The data evalua- 

tion has to take account of the slit-like geometry, as is often done in 

X-ray small angle scattering investigations (e.g. Glatter & Kratky 1982). 

The typical momentum transfer regime (Q = 2ksine/2 -kke) becomes 

1O-5 8-l d Q < lO-38-1 but the intensity remains rather high because - in 

principle - all neutrons reflected from the first crystal are also 

reflected from the second. From the accessible Q-range, follows that 

objects with dimensions of the order of m can be investigated, Related 

experiments with neutrons using channel-cut perfect crystals can be found 

in the literature. Polymer blends and lamellar structures have been in- 

vestigated (Schwahn et al. 1985). 

An even more effective use of the available neutron intensity can 

be obtained by a multiple perfect crystal small angle scattering camera as 

shown in Fig. 2. The resolution can be varied by using symmetrical or 

asymmetrical cut crystals or perfect multiplate crystal systems (curved or 

with a temperature gradient). Intensity gains of up to a factor 100 seem 

to be feasible by using the full potential of this method. 

STANDARD RESOLUTION SMALL SAMPLES LARGE SAMPLES 
LESS BACKGROUND LESS RESOLUTION HIGH RESOLUTION 

/ 
DETECTORS 

Fig.2: Proposed design of a multiple small angle scattering camera for 

stereoscopic investigation of samples. 
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2.3 Multiple Laue-tieflection 
(Diffraction focusing) 

Even higher Q-resolutions can be achieved with a perfect crystal system 

when a monolithic multiplate system is used in the Laue position; that is 

where the lattice planes in the different plates are parallel (coherent) 

to each other and where the whole Pendellosung structure of the reflection 

curve has to be taken into account (e.g. Rauch & Petrascheck 1978, Sears 

1978). 

PH -= sina& 

PO 1 + y3 
(3) 

A = bcxNt/coseB gives the reduced thickness of the crystal plates. This 

curve and the related rocking curve for a nondispersive arrangement are 

shown in Fig.3. The rocking curve exhibits a very narrow central peak 

whose width is determined by the ratio of the lattice constant divided by 

the thickness of the crystal (ewdhkl/t), which is in the order of a 
thousandth of a second of arc (Bonse et al. 1977). 

0.3 

02 

R 

I 0.1 

0 

-0.1 
-2 -1 0 1 2 

-Y -)Y 

Fig. 3: Laue reflection curve and various contribution to a triple Laue 

rocking curve. 
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This effect was first observed for a monolithic two-plate system (Bonse et ‘\ 

al. 1979). In order to achieve the required high angular sensitivity for a ! 
‘I 

precise rocking curve measurement a wedge was rotated around the beam 

axis. This produces for a wedge with an apex angle B, a beam deflection in 

the horizontal plane of 
: 

Nx2bc 
6 =- tgisina. (4) 

II 

This trick 

tion angle 

curves can 

causes a magnification factor of about lo5 between the deflec- 

s and the rotation angle a of the wedge. The related rocking 

also be calculated analytically, which is important for an 

application to small angle scattering (Petrascheck & Rauch 1984). This 

extremely high angular resolution can be used for small angle scattering 

measurements in the Q-range of 10’7A-1 < AQ < 10’g8’1. A related 
/’ 

measurement for the triple plate case has been reported (Rauch et al. / 

1983), where the diffraction of 1.8 fl. neutrons at a single slit with a 
I 

width of 5 mm has been observed (Fig.4). 

; WEDGES.,, 

- 

Si- CRYSTAL 

Fig.4: Sketch of the 

broadening of 

a 5 mm slit. 

triple Laue rocking curve experiment and the measured 

the central peak due to single-slit diffraction from 

-10 -5 
- 

0 s 
-L? a(‘) 

I 

-16-S b 5 
--?a(.) 

This behaviour can also be understood in terms of the Heisenberg uncer- 
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tainty relation AQAx b&/2. Therefore, perfect crystal extends small 

angle scattering investigations from the study of microscopic objects up 

to the observation of macroscopic systems. Applications to the investi- 

gation of macroscopic cracks or voids in bulk or for the observation of 

long range density fluctuations, can be envisaged. 

The high angular sensitivity can also be used to give to a high 

energy resolution of the order of 10wgeV (Zeilinger et a1.1979). 

2.4 Coherent magnetic resonance system 

This device takes advantage of the high sensitivity achieved in 

neutron interferometry (Rauch et al. 1974, Bonse & Rauch 1979) and from 

the Zeeman energy exchange between the neutron and a Rabi-type resonance 

flipper (Alefeld et al. 1981). Here a real energy exchange between the 

neutron and the resonance flipper device takes place. This feature has 

been verified experimentally, using a backscattering instrument with an 

energy resolution AE better than the Zeeman energy transfer 2pB. The 

kinetic energy changes at the entrance due to the Zeeman splitting. In- 

side the resonance coil, the energy quanta&l = 2pB0 is exchanged which 

Fig. 5: Sketch of the neutron magnetic resonance system and the observed 

energy shift at resonance. 



changes the potential (and total) energy of the neutron accordingly, and 

at the exit the Zeeman energy shift occurs in the same direction (Fig.5). 

Inside a neutron interferometer, an energy transfer smaller than the 

apparent energy resolution of the system can be observed because proper- 

ties of the wave function itself become measureable. In this case the 

total energy change and the two wave functions of both beams can be 

written as 

+ol t +*I1 -) e itw - WLllt,-z> t e ix i(w - WLZ)t,_Z> e (5) 

This results in an intensity modulation of the beams behind the inter- 

f erorneter 

10 a 14~ I t *011,2 a 1 + COS [X + 

RESONANCE FLIPPER 

INTERFEROMETER 

Fig.6: Experimental arrangement of the double coil quantum beat experi- 

mental which achieved an energy sensitivity of 2.7 x 10B1’eV. 

where x is a static (and hence unimportant) phase shift given by the index 

( WL 1 
- WL2w (6) 

1=14790-,0 1Sls 

i- --I 
I 

! 
/ 
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of refraction. The energy transfer in both beams (a%1 and%2) can be _ 

chosen to be different and then a time-dependent intensity modulation with 

a time constant T = an/(%1 - Y;~) occurs. The result of a related experi- 

ment, where the frequency difference chosen was only 0.02 Hz and hence the 

beating period corresponded to an energy difference of 8.6 . 10-17eV and 

to an energy sensitivity of 2.7 . 10’lgeV (Badurek et al. 1986), is shown 

in Fig. 6. 

The extremely high momentum resolution discussed in chapter 2.3 

and the extremely high energy resolution discussed in this chapter 

approach the limits of the uncertainty relation (AkAx % d/2 and AEAt 

3 d/2). 

Summarizing this general chapter: one gets three levels of energy 

and momentum resolution (AEexp, AQexp), and in each case a strong decoup- 

ling from the energy and 

exists, which also means 

sity level. 

XtOmentUn width (AEbeam, Akbeau) Of the beam 

these instruments operate at a comparable inten- 

These high resolution systems also have on the other hand distinct con- 

straints concerning the accessible Q-range, which usually becomes more and 

more concentrated near Q=O. 

Table 1 

Resolution - Intensity Decoupling Systems 
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3. GATED CRYSTALS 

The reflection curve of perfect crystals in the Bragg position has 

been discussed in chapter 2.1. As can be seen from equation (l), a parti- 

cular situation exists for backreflection (8B = n/2) when the acceptance 

angle becomes rather large (the order of 1 degree). This provides the 

basis for back-scattering spectrometers which are used routinely for high 

resolution neutron spectrometry (e.g. Alefeld 1972). The Darwin curve of a 

perfect crystal in the reflection position can be shifted relatively 

either by changing the lattice constant (e.g temperature variation) or by 

applying a magnetic field to change the wavelength of the neutrons. This 

latter change can be calculated from energy conservation in the entrance 

field (see Fig.5) 

H = d2k2 
2m- 3 

which caused the wavelength to change: 

x* = X(1 * g, 

(7) 

(8) 

In the back-scattering position, where the acceptance angle becomes very 

large, the width of the reflection curve corresponds to a momentum trans- 

fer width of 

Ak %kl 
- = 4Ncbc~F+-- 
k n 

The shift due to a magnetic field can be written as 

trBm 
Ak, = * - 

#i2k 

(9) 

The magnetic field required to change the gate from the closed to the open 

position (i.e. a shift of 2 y-units) is 12.6 kG for the (111) back-reflec- 

tion from silicon (x = 6.275 8). The proposed system and the shift of the 

reflection curve are shown in Fig.7. The system acts effectively only for 

a pulsed beam and when 
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Fig. 7: Sketch of a proposed perfect crystal resonator and indication of 

the action of perfect crystals. 

the magnetic field (or the resonance coil) is operated synchronously so as 

to catch neutrons between the perfect crystal plates. The version with the 

pulsed resonator flipper has the advantage that a stationary field at the 

crystal plates is sufficient. The performance of fast pulsed resonance 

flippers has been tested (Rauch et al, 1968, Freisleben & Rauch 1972). 

The action of such a system can be increased by using a multiple 

backreflection crystal system as shown in Fig.8, where a temperature 

ELECTRO MAGNETS 
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Fig. 8: The proposed multiple perfect crystal back-reflection resonator 
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difference is chosen to obtain a comb-shaped reflection curve which can be 

varied between an open and a closed position by a magnetic field (Rauch 

1985). The temperature difference required for a shift of 2 in y-units 

(i.e. the whole width) is given as 

AT = [l t 
II 

1 -1 1 

8Ncbc,F,dhk12 a 
(11) 

where a is the linear expansion coefficient. The temperature difference 

for a (111) back-reflection from silicon is 8 K. Figure 8 shows a possible 

multiplate system, with a temperature gradient between the plates of 16oC 

and where the magnetic fields at the crystals can be varied in the 

required manner. Such devices can be used to good advantage at pulsed 

sources: neutrons can be caught temporarily between the crystal plates and 

then released under controlled conditions. Either fast switching magnets 

or a pulsed spin flipper between the crystal system can be used as the 

active element of the system. Similar systems, with a monochromatizing 

action, have also been discussed (Rauch 1985). 

TRAVELLING MAGNETIC WAVE SYSTEM 

The neutron magnetic resonance system, discussed in chapter 2.4 (Fig. 5), 

provides an energy shift of only the Zeeman energy (2pB9). An alternative 

method, which so far has only been investigated theoretically, is to use a 

magnetic oscillator potential, with a fixed or an expanding width (w(t)), 

that moves along the path of a pulsed neutron beam (Fig. 9). In this 

arrangement, the gradient of the field acts more effectively than in the 

static case. Figure 9 shows a schematic layout for such a system, which 

could be installed along a neutron guide at a pulsed source (Rauch et al. 

1985, Summhammer et al. 1986). 
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Fig. 9: Schematic layout of a travelling magnetic-wave 

bunching. 

system for beam 

While passing along the beam path, the neutron feels a potential 

Xl2 
V(x’,t) = *%ax(T - l) 

w PI 
IX’1 i w(t) 

(12) 
=0 IX’I 3 w(t) 

where primed variables refer to quantities in the moving frame of the 

potential. Neutrons in the potential and within a specific velocity band, 

perform an oscillatory movement. The maximum escape velocity in the 

reference frame is given by 

which reaches, for bax -lOkG, a value of a few m/s and which is a factor 

of about 100 larger than the normal Zeeman splitting. The maximum gain 

factor for a fixed width potential can be written as 

(13) 

/ 
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2w 
P =- 

I"0 
(14) 

where T is the pulse width of the source, By means of this method a reaso- 

nable intensity gain within the specific velocity band can be achieved, as 

is shown in the figure 10. 
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Fig. 10: Phase-space rotations of a pulsed beam for a fixed width 

potential and an expanding potential (left), and the related 

intensity gains (right) for feasible parameters (see text). 

The results have been calculated for a source with a pulse width of 50~~s 

located 5m in front of the travelling wave system, a maximum field 

strength of 1OkG and a mean neutron velocity v. of 5OOm/s (XV.91 A) 

(which equals the velocity of the travelling wave). The action of the 

travelling magnetic potential corresponds to a rotation of the pulse in 

the x,v-phase space, hence the phase space density remains constant. Such 

systems will be expensive but they permit a very general tailoring of the 

beam pulse. Further details may be found in the references given. 
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1. How Advanced is Advanced? 

When this “‘International Collaboration on ,Agvanced Neutron Sources” was first 

agreed upon, today’s most powerful research reactors were already in operation and 

were obviously considered as conventional installations. Today, almost ten years 

later, our advanced sources are still thriving (although with notable progress) to 

match in performance those conventional “oldies” and it might well be that, the 

organizers of this meeting had something like this in mind, when they asked me to 

give some thoughts to the problems and prospects of neutron sources in general. 

Neutron scattering is a scientific tool and obviously, the better our tools, the 

more sophisticated questions will one be able to solve. It is therefore natural that 

continuing thought is given to the question, how the neutron sources and the 

instruments that go with them can be improved. This will also remain so with the 

very powerful sources of light and X-rays which can now be built on electron 

storage rings although there may be a shift of the border line between the 

domains of X-ray and neutron scattering. This question will not be given further 

consideration here. Instead, we will focuss on the more technical questions of the 

topic. Also, the two types of neutron sources - steady state and pulsed - with 

their characteristics being different, have their respective scjentific justifications 

and don’t need to be weighed against e:ich other. It is therefore the aim of this 

payer to point out, where we stand tod:ty, and what potential for fut,ure growth 

one can see. 
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2. Continous Sources - A Never Ending Stream? 

The impressive development in nuclear research reactors, leading withill ::t sil:iki ( :’ 

less then 25 years from the first controlled chain I’eactioli e\:er Lo tk[e elatmmi:-:i~~ 

designed HI% in Oxk Ridge, did not only happert in a period of gi:n~t~~i 

e!~l.l,usiasme for new technologies, it was also strongly iaotival.e\l .k,y Lhr mi liikii’). 

arid ~.:~ili~lnCrc:ial interest in t,his rlew fiel:i. If xt ali, neiltrc;rr 5:.:11lt::i:1:; :.t..i!i ~!;i!:+’ ‘1 

side aspect, in the design and use of most researcl~ rt:h(:l.o1’s :i~ld If,ei.tt .~re II,L~ :i 

few reactors which have been t,uilt. wit,h rteut.ron scattering :t!i t,llk? III~~!, 

motivation. 

Althot~gh the quality of the beams in therms nt’ f:~st rletitrorl xnd ::;ilIliria t*iL> 

background is important. the prevailing qua1it.y criterion fnt ;t L,!!.;f irlcji:,3 “ld:jl’i ,I; j ‘: 

its time average thermal flux outside the core where the beam ~tii~(:~ I+~I!:. it !i:,!-: 

been sitting at, a value of I W3 cm-2s-1 for more than txellt y y~e:i~*s it(Jgg :vit ?I Iit* 

ongoing new project. in sight that would promise a11.y sigrii ficaxlt. prog’,wss. 

2.1 Hopes and Horizons 
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(2) 

(3) 

(4) 

The result is a strongly undermoderated core relying on thermal neutrons from 

the moderator/reflector to diffuse back into the core region. The resulting 

thermal flux gradiend across the fuel zone would lead to strong power peaking 

at the edges, unless variable IJ-235 content is applied. 

At the same time, since the neutrons have to cross a thick uranium layer 

before being moderated, resonance absorption becomes more likely and keff is 

reduced. This can only be compensated by a high uranium enrichment. At least 

outside the US this conflicts with the general US policy to push for the use of 

less than 20 % enriched uranium in research reactors. 

In cores using the standard fuel plate technology, the heat load on the plate 

surface increases. This leads to an enhancement of the formation of a 

thermally i.nsulting oxide layer on the aluminium cladding and, as a 

consequence, to unacceptably high fuel temperatures. 

Especially the last point is a concern for the reactor designers, because the 

conditions affecting the growth of the oxide layer are not 

seems, however, that the growth rate depends on the heat 

exposure time, the surface temperature and the quality of 

(Gambill, 1986). 

well understood, it 

flux as well as on the 

the cooling water 

The various constraints are illustrated in Fig. 1 which shows the relation between 

power and power density for two flux levels, namely 5.101s cm-Q-1 and 1Ol6 

cm-25-l. Also indicated is the maximum power density at which a reactor of a 

certain power can be operated to allow a 15 day core life, if a U&z-content of 

30 % in the fuel matrix is assumed. The hatched area is where the design 

parameters must lie, if a flux between 5.101s and 1016 cm-Q-I and a minimum of 

15 day core life is ,to be achieved. If the oxide formation 

= 4 MW/l is an upper limit and no flux level higher than 

possible with this technology. 

cannot be suppressed, 

5=1013 cm-25-l is 

It should be noted, that the high power density during operation results in a 

substantial decay heat density also after shut down. It can not be expected that 

such a core could be cooled by convection soon after the reactor was switched off. 

Since DzO is used as coolant, this make:; core replacement not easy, because the 

transfer from I~20 to Hz0 for core storage requires a certain minimum time for t,he 
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core to be gas-cooled, unless substantial losses of DzO at each transfer are 

accepted. 

The core design proposed for a new CNR (Centre of Neutron Research) by ttke (?ah 

Ridge Group, which is based on these considerat,iolis is shown in Fig. 2. Dependjrt;: 

on whether or not a method can be found to suppress the oxide formation. it. 

should operate at a power level of 135 or 270 MW, giving a thermal flu?; i:f’ 5.1 01” 

or 1016 cm-2s-1 respectively. 

Some of the design parameters of the CKR-core are listed in ‘I’ab!e I , togethel- %;ilh 

those for another design (IIHFR) developed at the Idaho National Engineerilrg 

Laboratory and shown in E’ig. 3. 

This concept uses much thinner fuei plates, only (I.89 mm thick wit.h C).r3!1 mm meal. 

thickness. This results in a heat flux of 13.5 MWim2. The plenum between the two 

halfs of the core allows mixing of the coolant to suppress hot. stream lines. The 

U-235 concentration varies across each fuel plate to avoid excessive heat peaking 

(see F’ig. 4). The thermal flux in the rnoderator around the central region has been 

calculated as 1. 1.1016 cm-2s-1 at a reactor power of 355 MW. 

A completely different design (Hl!Y%R),al~o included in Table 1 and shown in Fig. 

5, which was proposed by the l3rookhaven Group is quite interesting, although 

perhaps even more remote: Directly water cooled coated particles arranged in a 

thin annulus. Although the coated particles are well developed and commercialiy 

available, they do not seem to have ‘been used wi1.h direct wal.er cooling so far. 

Nevertheless, the concept, would present some attractive features. Among them are: 

No alumini-urn oxide formation because the co:iting of the particles is of 

pyrolytic graphite and the residence time is small. 
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(4) High power density of 10 MW/l or more can be achieved. 

(5) Fuel loading in the core is small (= 2 kg U-235). 

(6) Low enriched uranium can be used. 

Although this concept has not yet been developed very far, it has a basic 

potential to break through the limits that hamper present plate fuel technology. 

However, a large number of problems would have to be solved, among them on line 

fuel replacement, fission product retention in the particles, particle surface erosion 

etc. 

2.2 Reactor Realities 

Considering the amount of research required before such a very high flux reactor 

can be built, the tedious licensing procedure it would have to undergo and the 

amount of money required for its construction, there seems to be little hope that 

the present decade, and probably even the present century (or millenium) will see 

a steady state neutron source become operational which would constitute such a 

decisive step forward from what is presently available at the HFR Grenoble. 

On the other hand, as can be seen from the data compiled by 12. Moon (19851, 

there are several less ambitious projects on their ways, like e. g. the replacement 

of the JRR-3 at JAERI (Japan), the MPH-30 in Indonesia, which is presently being 

commissioned and, most notably, the light water cooled PIK-reactor at Leningrad 

which is under construction. Although not particularly outstanding in its peak flux 

to power ratio (1 .3*101s cm-Q-1 at. 100 MW) because, like the HFIR in Oak Ridge, 

PIK is designed to provide a flux trap in its centre, it is quite remarkable with 

its outer diameter of only five metres (see Fig. 6). This is based on the fact that 

the shielding around the instruments will add to the overall shielding and 

reinforcements can be provided where necessary. Some parameters of this reactor 

are listed in Table 2 in comparison to the HFR at ILL. Also included in this table 

for easier comparison are two of the advanced desigs of Table 1 and a new 

proposal for an E’HM-11 forwarded by th:? Technical University at Munich (Iliining et 

al, 1985). The latter excells by its high flux-to-power ratio, made possible by the 

use of high density, highly enriched fuel (as in the advanced concepts described 
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above) and a small core diameter. Development work for this core is funded I-J~ the 

German Ministry for Research and Technology under its nuclear development 

programme. 

Medium flux research reactors, which have mostly been designed as multipurpose 

reactors and therefore often do not provide adequate ccrnditions for f’ront.icr 

neutron scattering have nevertheless played an important role in the past, as Tar 

as training of young scientists and development, of meLhods and instrumcnr.:: *as 

concerned. With materials testing on these reactors becoming less important., there 

is, however. growing concern about the relatively high operating costs of thcsc: 

facilities in relation to their scientific output. In West Germany two sr!trh reatl;r)rs. 

at Karlsruhe and Jiilich, have been shut down permanently for this re:rst)r~. !‘iaI::; 

for upgrading existing facilities are being developed in several piat:+:;. (.):Iu bxsic 

prvbiem. -which may become even more serious, as public concern over t.hr? :lilc.ll;b I* 

issue in general increases, is the following: Shutting such a reactor do~~~r~ J’oI’ ;i 

major change will mean that. its operating license expires and a new oI\t: will t\it\,‘e 

to be obtained under the rather more stringent regulations now in effect. This ~rta)~ 

prove expansive in some cases and almost impractical in ot.hers. AL preserl:, iL is 

almost.Y impossible to predict, what, exactly would be required for the renewal Of an 

operating iicense for a modified older reactor. 

2.3 If not Keacztors, wiiat else? 

it, started out. as a big deal 25 years ago: 1 016 cm-%-~’ was the goal; spaiiation 

wias the clue! Chalk River’s ING project. when proposed in the early 1960’s 

(Bartholomew and Tunnicliffe, 1966, was sufficiently ambitious that; it. doesn’t fail 

to amaze peo’ple even today: a 1 GeV - 65 m-4 cw-proton linac would produce 

enough rlelltroris in a flowing liquid lead-biSmuth target Lhat. the flux goai could 

be achieved in a D20 moderator around the target. The numbers were correct. but. 

- ;iit.iful f:rlollgh - t.here was ILO suitable accelerator which could tJe tapped, ~10ri: 

KNS there the money available to develop one. The project. died after 5 years. 

I 1111:i.b , t b);ert!.;.’ ye:irs iaf.or, 1 hi:; is ~ajlkert; we s&rid: 

: ,5,1C)‘4 c’I[I-2s-I is the goal. the methcld is still sgallation, the acceieralor is 

(:i!lilos:.) there and the prospect for getting the money for the target statiorl is 

good: the SINQ-project. The target station of this spallation neutron source 
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(Fig. 7) resembles closely a reactor, since it will operate in a continuous fashion 

and relies on a high time average flux. 

The fact, that SINQ will be built is more than just the birth of another medium 

flux neutron source, it is a major step forward in a new technology and it is the 

test case for the question, how well spallation sources can be utilized. It, is well 

known that, while being attractive for its low heat release, ,Y -radiation level and 

inventory of hazardous fission products, a spallation neutron source tends to 

produce a high energy component in its neutron spectrum, which is quite difficult 

to shield. At the very least, a more massive shield than for a reactor is required. 

In fact, the shield designed for the SINQ has about twice the diameter of that of 

the PIK-reactor which has a ten times higher thermal flux. Obviously, at the first 

glance this is a drawback as far as beamhole experiments are concerned. It is not 

quite so serious on the long run, however: Firstly, the shield thickness would not 

have to increase in proportion to the flux if more proton current was available, 

secondly, at a heavily used source a larger circumference allows more instruments 

to be accommodated and, last but not least, the cold neutrons, which are much in 

demand at present, can be easily guided away from the source over quite long 

distances. The effect of high energy contamination in the extracted beam on the 

quality of the experiments is extremely difficult to predict (Atchison, 1985). It 

should not be overemphazised, however, since also the scattering power of the 

monochromator (or sample) for these neutrons will be quite low. Of course, a 

carefully designed beam path and beam stopper at its end as well as adequate 

detector shielding will be essential. The question what the future potential of 

sources of this type really is can only be answered by trying it. SINQ offers the 

opportunity! 

Another medium flux spallation source is under construction at the Moscow Meson 

Factory in Troitsk (USSR) (see Table 3) which is designed for operation in a quasi 

continuous mode or as a pulsed source. For this purpose two target, locations are 

incorporated in the shielding (Pig. 8), which can be fed with prolons either from 

the linac directly or via a pulse regrouping -ring. There is also, a proposal to build 

a rather more powerful one for fusion materials test purposes (Kley and Bishop, 

1985). 
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3. Pulsed Beams - Salvation by Conc.entration? 

The idea is quite simple and can be told in many different ways. Here is one: 

From the early days of neutron scattering on reactors, two methods of determining 

the neutron energy have been known: monochromatisation by Bragg scattering and 

time-of-flight measurements. Since each neutron can only be detected once (thus 

terminating its existence as a free neutron), time-of-flight measurements are IjlliJ 

possible, if the starting time of the neutron can be defined by other means, e. g. 

if all neutrons start in a bunch from a known location. Although the choppers, 

which have to be used to impose this condition on a continuous beam reduce the 

average beam intensity often by more than 99 %, the technique managed to remajn 

competitive on reactor sources for certain types of investigations, where large 

spectral width and large data collection angles around the sample could be used 

simultaneously to make up for the chopper losses. What a thought to have :tlf the 

neutrons produced in the source concentrated in those time bins which wouid he 

transmitted by the chopper (and thus perhaps do away with the chopper 

altogether)! A closer inspection shows that such a source has a number of’ other 

attractive features which can be exploited to collect scientific: information. in 

particular a large fraction of epithermal neutrons, which are generated in pulses 

suitable for time-of-flight measurements. 

3.1 Trichs and Tradeoffs 

::nfortunat.ely it. turns out that it is not easy to devise a neutron source which 

delivers a time average flux even of a medium flux reactor in pulses of one or a 

few microseconds duration and with a suitable repetition rate. The fundamental 

problem is, that neutrons are not born at the energies the scientists desire but 

have to be slowed down by about eight orders of magnitude in energy by collisions 

w i t, ! : the atoms of a moderator. It is not. so much that this takes time to happen 

(i~f the order of’ a few to a few t,ens of microsecorrds) as it. is the Pact. that, once 

ti~erri~aiiizeti. t!je neutrons take thei: time to diffuse out of the moderator, which 

C:iliSi?S 1 l~ouble. Obviously. this makes tfre main t,ric:k, :X tlic:h is used on cw-so~~r~:es 

to obtairl a high flux of thermal neutrons, namely a large moderator ii1 which 

ilet1i.rorL:i have a long lifetime, impossible. On the contrary, even smtl!l Inotliirai-.ors 

il:iL-e to be decoupled from t.he reflector and internally poisoned to obtain i_Julses 

of’ I tie cfcsired shortness. With respect to an assembly designed for optimum Lime 
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average thermal neutron output this may result in a loss in time average flux up 

to a factor of 20 (see Fig. 9). Also the peak flux is reduced, although only of the 

order of some 20 to 30 percent (Bauer et al, 198 1). This is the ,main tradeoff one 

has to pay. Others result from the cyclic thermal load on the neutron producing 

zone and from the extra effort and cost to produce short bursts of fast neutrons 

in the first place. Pulsed reactors and proton beam driven spallation sources are 

the main options and we will limit our discussion to these. A nice feature common 

to all pulsed sources (at least to a certain extent) is the fact, that, the fast 

neutrons and y -radiation flash have disappeared from the beam when the signal 

neutrons arrive at the detectors. Although this doesn’t affect the need for 

appropriate bulk shielding, it helps to keep the experimental conditions clean. 

I 

3.2 The Reactivity Roulette 

Pulsing a reactor means to change its reactivity periodically from a value of keff 

well below one to slightly above one, to build up a high neutron population for 

short times. This can be done by moving part of the core or part of the reflector. 

While the first method may be more efficient, only the second one is possible at 

higher power levels because of cooling problems. The Mekka of pulsed reactor 

technology undoubtedly is the Joint Institute of Nuclear Research in Dubna, where 

the first pulsed reactor for beamhole research became critical in 1960 and the 

world’s most powerful one, the IBR II, is presently being commissioned, operating at 

2 MW, which is 50 9s of its design power. 

Figs. 10 and 11 show a cutaway view and a horizontal section of the core and 

reflector arrangement. While the reflector is stationary on five sides of the 

hexagonal core, two moving, reflector arms are arranged on the sixth side. The 

three-forked auxiliary reflector rotates at 5 Hz while the solid main reflector 

rotates in opposite direction at 25 Hz. Each time both reflectors meet in front of 

the rsore, the main pulse is produced, while satellite pulses which are about 0.03 % 

in height of the main pulse are produced when the auxiliary reflector alone passes 

in front of the core (Fig. 12). The background level from delayed neutrons between 

the pulses is quite low, 0.006 % of the peak height, which is due to the low 

reactivity with the reflectors removed: 



Obviously, in order to obtain short pulses, the core has to be prompt supercritical 

during the pulse. The core is made up of PuOz fuel, arranged in hexagonal packs 

of fuel rods. The cooling medium is Na to avoid thermalization inside the core and 

to allow high fuel temperatures. Table 3 gives some data of the IBR II in corn- 

parison with other high performance neutron sources (see also below). Tlie pulse 

duration is about 150 us for the primary pulse as well as for the thermal neutrons 

emerging from the moderators. This makes it necessary tc; use choppers for IU:CIQ 

experiments. These choppers can be accommodated in an annu!;~r spac*e within lhe 

main reactor shield. As a rule, their rotation axes have to be parallel t:o the bc-::+.m 

lines. 

IBH 11 had been under construction for about 15 years with many problems to I;(: 

solved before it started operating in 198%. 

With its complicated technology and its restrictions with respect to pulsr: Ien@h 

and spectral tailoring it is likely- that it also marks the end of a development, line 

although the engineering that went into it deserves utmost admiration. 

3.3 The Pulsed Proton Poker 

While older than reactors, in principle, accelerator based pulsed neutron sources 

are only gradually making their way into routine application to thermal and cold 

neutron scattering. The one type which really has a prospect for growth and 

development. are neutron sources using the proton-induced spallation reaction. 

‘I’hose .sollI’t!eS depend 02 the availability of proton accelerators in an energy 

t.%gi!Iic of about 1 GeV to make t,he targets radiate with neut,rons. Such machines 

1l:iL.c beer1 buill. in Itit: past. a:; hoost.crs for high energy acc.ctl~~r:~!,o:‘~ :crtd ;is 

drivers for meson f’acturies. Parasitic: use for neutrort sources was ~racePul.ly 

:!,t’aiit.oLl. l(E’:NS. W&X and II’NS were ali born in this cratidle, although, with 1PNS 

leadirtg tile way, they are gradually maturing into iteutr’oil scattering faciiities of 

tiichi r’ ti;b’ii rlgtlr.: The ~)ld AGS Uoost or syrichrot.ron 11as been upgraded and is 

opor.al.irlg Ior t.he sI)Ie pi~r’I)~)stt of’ keepin:: IPNS ablaze, WhK has beert suppiled wi?l( 

:i ])i.Ot Or1 St UI’il,p,fl ririg WCcIlt L> Wltf l\l!lil:S WiiS all il[il.ji~rti~lll. factor in the pl;~ilitii~~~~ 

bf f1ll.u t’c: XifZdiUIii energy accelerat,cirs atA KEK right i’:*(itCl t,he heginriirlg. 
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The only member in this family of accelerators which, although thriving on 

existing buildings and equipment, was designed as a neutron source driver from 

the very beginning is the 50 Hz ISIS Synchrotron at the Rutherford Appleton 

Laboratory, which is presently working its way up to its design specifications. 

These specifications reached, the facility will be competitive and, due to a 

suitably designed set of instruments in some cases even significantly superior to 

the HFR at the ILL Grenoble. This is true in all cases, where the pulse structure 

can be exploited beneficially to collect the desired information and it is especially 

true for energies in the slowing down regime where the spectral fraction at the 

ILL is low and where the pulses on ISIS are short and time-of-flight is the only 

viable technique for energy determination. 

On the other hand, the need for keeping the pulses short for good time resolution 

results in a disapointingly low time average flux and makes some well established 

and important techniques such as triple axis spectroscopy impossible. This is one 

of the tradeoffs that have to be accepted on pulsed sources. 

Another problem with accelerators is their technical complexity, which 

unfortunately leads to more or less frequent failures. This is not only a nuisance 

to the neutron users, it, also has the effect of thermally quenching the target, 

thus reducing its life time. This is the more serious, the higher the power on the 

target and hence its operating temperature is. The temperature in a spallation 

source target will always be a problem because, in order to produce a “bright” 

source of fast neutrons, the metal density in the target should be high and hence 

cooling channels are undesirable (but can, of course, hardly be avoided). Also, the 

very inhomogeneous heat, distribution inside the target resulting from the intensity 

profile of the beam and its exponential decrease along the target axis poses 

problems: The coolant flow has to be able to handle the power density at the hot 

spot, and thermal stresses within the individual target *plates may become 

considerable. 

Part of these st.resses are cyclic and follow the pulse repetition rate of the 

prot,ons. Here comes one of the main problems with these targets: The temperature 

rise in each pulse is determined by the power density in the target plate and 

because of the shortness of the pulse and the need to keep the beam size within 

the order of a few centimeters, the heat load becomes considerable as one tries to 
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go up in beam power. Also, there is no way to reduce the power density within 

the materials. 

While it is just to say that today’s spallation sources are not yet probing the 

limits of target technology, not even at ISIS when its full design current will he 

reached, the rapid cycling ISlS synchrotron will be more or less at the limits of 

what one can do with this technique. 

‘l’rying, as we did with the reactors, to take a look at the future deveioyment. 

protential of spallation sources in general, there doesn’t seem to be stlch a”oleal 

cut limit, but, of course, much less experience is available, too: In the accelerator 
. 

field, two routes seem to be feasible to achieve more intense but still short, 

pulses: The FJ?AG’s on the one hand and linacs with pulse compressors on! Eh_e 

other. The first route has been proposed for .Q-gonn’s next generation neutron 

source, the ASPUN, aiming at a time average current of 3 800 ~4 at 1 500 ,MeV (as 

compared to 200 yA at 800 MeV for ISJS). At this level, a number of problems Hague 

to be dealt with also on the target side and certainly engineering constraints will 

prevent the flux from the moderators t,o increase in proportion to the target 

source strength. 

The combination of a linac with a compressor ring is being pioneered at 

LAMPF!LANCE and the Moscow Meson Factory has similar plans. The idea here is, 

to inject into the ring at full energy and at a phase space density which is much 

higher than at the low injection energy into a synchrotron. The long pulses of a 

linac can be injected over rnany turns and extracted during one single revolution 

of the protons. The current amplification is then approximately given by the ratio 

of the linac pulse length to t,he revolution time in the ring. In the German IKOH 

study (Schaffer ed., 1981) this factor was to be about 650, st.arting with a 100 mA 

in the linac and delivering a time average current of’ 4.5 rrtA tit. I ? 00 MeV. 

Pulsed sources at this sort of intensity level would certainly not only be a 

tremendous engineering challenge in accelerator as well as target, technology. tlle;~ 

wouid rilsv open up completely new dimensiorls in neutron scattering. 
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3.4 The Enchantment of Enrichment 

In the absence of the high current accelerating systems mentioned above, one is of 

course tempted to enhance the neutron production in the target by going back to 

good old fission as long as the heat removal system can cope with the power 

deposition. This route is being taken by IPNS (see e. g. Schulke, 1985) and similar 

considerations are under ways at ISIS . The basic concept is, to produce a more or 

less flat heat distribution over the whole target volume by increasing the content 

in fissile material in those regions, where the power density would otherwise be 

low. The options considered for ISIS are reported in a different paper in this 

meeting (Bauer, 1986). Although the work is still in an early stage, it is clear, 

that a decoupler has to be used around the target to avoid thermal fission and 

the resulting pulse -degradation. This means, that a relatively large quantity of 

material is required to reach the desired enhancement factor of 10 or more in the 

leakage from the moderator. With a beam current of 40 VA time average, and at an 

overall thermal power of 1.75 to 2 MW in the booster, the amplification of source 

neutrons relative to a target of depleted uranium would be about a factor of 20, 

while the power is increased by a factor of 30. Not allowing for any engineering 

constraints, the thermal flux from a slab moderator would be increased by about a 

factor of 12 to 15, but since a wider target had to be assumed to achieve the 

necessary keff, the coupling into a wing moderator will be poorer than in the 

present ISIS arrangement and the goal of a factor 10 in enhancement will rather 

be an optimistic estimate. 

It is worth noting, that at this power level the ISIS-target will be in the same 

regime as the IBR II pulsed reactor although, of course with less sophisticated 

technology. However, in contrast to a pulsed reactor, a booster target will in 

general not be reactivity modulated. As a consequence, delayed neutron background 

will constitute much more of a problem; the worse, the higher the multiplication 

(kefr) is. It may well become necessary to devise quite sophisticated equipment 

(such as choppers close to the target) to control this problem. 

In general it is probably fair to say, that a booster is a viable solution if the 

time average proton current is of the order of a few t.ens of microamperes but will 

probably not be an option if a current in t,he milliampere regime is available. 



3.5 Abandoning Abortion. 

It is a pity to see that, in a pulsed source, 80 % of all neutrons which could leak 

from a suitably optimized moderator are killed in order to keep the pulses short 

(Fig. 9). This is even more a problem with a booster assembly, which has to 

suppress t,hermal fission to keep the pulses reasonably short. For a well coupled 

moderator designed for maximum neutron leakage the pulse duration is of the order 

of 100 ps even for very short proton pulses and increases as the duration of’ the 

source pulse reaches the same order of magnitude. If a proton current of the order 

of 1 mA time average can be devised, such a moderator could yield a time average 

flux of the order of 2 + 3.10’4 cm-+-l, thus lying well inside the regime of 

medium flux reactors, but with the added advantage of having the neutrons 

concentrated in bursts. Such a source has been termed “intensity modulated” in 

contrast to the pulsed sources discussed above. During the study work for the 

German SNQ project, substantial effort has been devoted to the question, how such 

a time structure could be optimally exploited (see e. g. Scherm and Aiefeld. 1985). 

The net result of a very careful evaluation is that, relative to a cw-source of 

equal time average flux, there is not a single technique which could not, benefit in 

one way or the other from such a time struct.ure. While in some cases only nominal 

gains (as defined as the time required to obtain a certain information) of the 

order of 3 would be expected, the average was found to be at least an order of 

magnitude, with some special cases being able to profit from the full peak-to- 

average flux ratio. which was 35 in this case, but could be higher for shorter 

proton pulses. 

So such source esist.s or is planned at. present, but. with the iimit.at,ions that ran 

be seen for cw-reactors on the one hand and for pulsed sources on the other, this 

intermedi:-kt.e r’ouk might constitute another way to improve conditions for neutron 

scattering in the more distant future. It would help, if an interest in high 

interlsity accelerators builds up also for other reasons. 
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CNR UBFR HEPBR 
Reactor concept Baseline Enhanced ("double donut") ("particle bed") 

_________________________~~_~~_--_~--~--~--~--~~~~~-~~~~-~~-~~-~---~~-~~-~~-~~-~~-~~-~~--~---~~~~~~-- 

Peak thermal flux (cm-2s1) 5.10'" l- 1016 1.1.1016 6.10'" (1.2.1016) 
Thermal power (MW) 135 270 355 * 300 163 (350) 
Fuel enrichment (% U-235) 93 93 93 20 
Type of fuel U3 Si2 U3 Si2 U3 Si2 uo2 

Core volume (1) 35 35 50 27.6 (35.3) 
Core fissile loading (kg) 18 18 26.5 z 2 
Plate thickness (mm) l-27*' l-27*' 0.89"' = o-75*' 
Coolant channels (mm) 1.27 1.27 0.76 --- 

Peak heat flux (MW/mZ) 9.77 19.55 13.5 
Coolant velocity (m/s) 27.4 27.4 16 
Coolant flow (l/s) 400 (580) 
Coolant pressure*2 (bar) 55.7 55.7 41 80 (100) 
Pressure drop*3 (bar) 13.7 13.7 7 6 ( 15) 
Coolant exit temp. to C) 70.6 91.7 123 130 (180) 
Reactor cycle length (d) 23 14 14 2 ( l)*s 

*I including 2-0.25 mm cladding: *2 at core inlet; *3 across core only; *' particle diameter; 
*I continuous refuelling desirable. 

Table 1 Some characteristic data of proposed advanced US beamhole reactor concepts. The coolant is 
DzO in all cases. 



Reactor HFR, PIK ERM-II CNR WHFDD) Dim. 
ILL (Design UHFR 

25) 
-------------------=----------==-----------~~~~~-~~~~~-----~----------~~~----~~--~~~ _---_---___________ 

Max. thermal flux 1.5 1.3 0.8 10 10 x10x= 
*rnax cm-xs-1 
th 

Thermal power 57 100 20 270 355 Mu 
________--_--___-___~~~~~-~~~~--~~----~~--~~-~~~~---~~------~----~~---~~--~-~~~~~~~~ 

Av. power density 1.15 2 l-18 7.7 8.9 MU/l 

Power peaking 
factor 2.9 2.1 (3 1.6 1.5 _-- 
_____________-------~--~~~~~~~~~~~~~~~~~~~~~----~-----~----~~~---~~~--~~~~-~~~~~~~_~ 

Core dimensions 
Rai'RiIH 19.5/14;80 19/6/50 10.8/6.7/70 22/7/35 21/5/2x15 cm/cm/cm 
________~~__~ 

U-235 loading 8.6 27.5 6.64 18 26.5 kg 
____________________-~~~--~~---~---~~~---~-~~~~~~~~~~~-~~~~~-~~~~---~~~---~~-----~~~ 

Fuel UALX UALX (?I U3Si2 U3 Si2 U3 Si2 _-- 

Enrichment 93. 90 93 93 93 % 
__--__---_--_______ --_---------_--____-~~~~---~~----~~~~~~~~~~~~~-~~~~~--~~~-----~~~ 

Coolant aDo0 Hz0 HZ0 D20 D20 ___ 
-_ 

Pressure (outlet) --- 4 _-- 4.1 3.4 MPa 
____________--__---_~-~~~~~~~~~~~~~~~~~~~~-~~~~~~~~~~~~~~~~~-~~-~--~~~~~--~~~~~--~~~ 

Table 2: Selected Reactor Parameters 



Accelerator: 
kaximum enerav 600 MeV 
Proton macroGl;lse duration 100 ps 
Injection: dc-preacceleration to 750 keV 
100-600 HeV: disk-and-washer, 1000 MHz 
Total power consumption 25 MU 

Repetition rate 100 Hz 
Peak proton current 50 mA 
750 keV-100 MeV: Alvarez structure 200 MHz 
Active time of rf-structure: 200 ps/pulse 

The proton pulse regroupei: Ring equipped with'a 200 MHz rf-cavity 

Node of operation puls'e -duration rep. rate Protons per pulse 

40 buckets filled 200 ns 100 Hz 3x1013 
1 bucket filled 5 ns 100 Hz 7.5x10" 
4 buckets filled 5 ns 400 Hz* 7.5x10" 
4 x 5 buckets filled 25 ns 400 Hz* 
5 linac pulses stored 200 ns i nZ** ;.;;;$' 

. 

l storage and pulse-by-pulse extraction 
** limited by activation of ring, because losses are more serious in storage 

mode than in compression mode 

Table3: THE MOSCOW MESON FACTORY AT TROITSK 
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FLUX 

<!i x lO’% 

rEXCECOS 
PCRMISSll)LI 

FULL BURN1 

APPROXIMATE MAXIMUM APPROXIMATE 

IF HEAT TRANSFER IS M4XlYUM IF OXIC 

LIMITED BY OXIDE LAYER FORMATION IS 

CowLETELr 

I I I 
ELIMtNATED 

2 4 6 B 10 

POWER DENSITY (MW/t) 

I Constraints for the power density for 30 vol YO of U&i2 fuel in an 
aluminium matrix with aluminium cladding. The request to have a minimum 
of 15 days core life leads to a minimum volume required to accommodate 
the necessary fissile material at a given volume fraction. Togettter with 
the operating power this determines a maximum allowabie power density. 
Other constraints see text (from Difilippo et al, 1986). 

/OUTER ANNULUS. 408 PLATES 

I’ 
INNER ANNULUS, 176 PLATES 

TYPICAL 

INTERFUEL 

ZONE 
IRRADIATION 

POSITION 

1.27.-mm-.T”ICK’ ” :‘.’ 

PLATES AND / 

rafiij128-mm i 

/I-a26ci-mm DIAM 
1.27-mm--WIGE !-a 316.-mm DIAM 
COOLANT GAPS 45; -mm DljXM / 

2 Schematic of the CNR fuel elemerit proposed by the Oak Ridge design team. 
‘1%~: design is based on the present HFIR fuel element with irradiation 
ilositloils located between the two annular fuel zones (from Difilippo et, al, 
1986) 
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/Al pressure 
/” vessel 

Low temperature, 
low pressure 

D20 pool 

15.24 

1.43 1.49 
(2.45) (2.54) 

1.14 
(0.84) 

1.20 
(0.82) 

1.52 
(1.17) 

7 

1.55 
(1.44) 

10 

1; 
!: s. Central control 

channel and 
core support 

column 

i=Tti 
1.43 1.45 2 9 
(2.76) (3.37) 3 5 

G ,’ 

1.34 1.45 s.$ 

(0.93) (1.50) 9 5 
p’: 
G- 

-- 
1.41 1.52 %y 

(I&) (2.73) = s 
$y 

1 12.5 14.5;,.,,.0 

_ \ Radial distance along fuel zone (cm) 1 

---_-_-_--_---_--_-_ 
Ll _ _ _ _ -Core 1 Midplane 

-t___---‘7 

Q 

Fig. 3 
The “do-uble donut,” core coiicepf 
developed at the Idaho National 
Engineering Laboratory for an 
Ultrahigh Flux Reactor ifrom 
Lake et al, 1986). 

Fig. 4 
Power peaking factors -for the core design 
of fig. 3 for the cases with variable and 
(in parentheses) with uniform fuel loading. 
Fuel loading is varied both, axially and 
radially (from Lake et al, 1986). 

Legend 

1.36 = FE with variable U235 loading 

(4.03) = Fl with uniform U235 loading 
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D20 FLOW CHANNELS 

Fig. 5 A conceptual design for a High Flux Pebble Bed Reactor (HFPBR) proposed 
by Brookhaven (from Powell et al, 1986). 

/-s)K,- HBT - 
HEY - IBT - 
63r -VBT - 
q>~- CBT - 
UXH - CNS- 
UrH - KNS - 

horizontal beam tube; 
inclined beam tube; 
vertical beam tube; 
central beam tube; 
cold neutron source; 
hot neutron source; 

i 

i 

Fig. 6 ‘The PlK reactor (schematic) under costruction at Leningrad (from 
Konoplev, 1986). 
I- vertical tube; 2- coolant inlet; 3- well with water; 4- biological 
shielding; 5- horizontal beam tube; 6- core; 7- replaceable vessel; 8- 
heavy water reflector; 9- coolant outlet; lo- gate; ll- inclined beam 
tube, Given on the left are distances from experiment floor in meters. 
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Steel Shielding 

old Neutron SOtINe (H 

ron Guides -- ---- -- - _ 

___-._ __ 

Fig. 7 Horizontal section through the target station of SINQ. A large DzO tank 
surrounding the cylindrical target and in which the beam tubes end will 
accommodate two cold neutron sources 

3 

1 Neutron target 
2 Heavy water vessel 
3 DZ - cold source 
4 Vacuum vessel 
5 Beam ports 
6 Thermal shield 
7 Heavy concrete block 
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Fig. 9 Tradeoffs in integrated intensity resulting poisoning and decoupling the 
moderator for short thermal neutron pulses. The reference value (1) is the 
intensity obtainable from a well coupled moderator as proposed for the 
German SNQ-project (from Bauer et al, 1985). 

Fig. 10 Schematic of the IBR-II core region (from Ananiev et al, 1985). 
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Standard fissio‘n chamber 
Water moderator for moving reflector 
Be-layer of the auxilliary reflector 
Moving main reflector 
Automatic control rod 
Fast shutdown equipment 

Core zone (Pu02-fuel elements) 

16 Central irradiation position 
18 Intermediate control equipment 

Fig. 11 Horizontal section through the IRR-II core region 

L----;i48c-- I I tJ 
304 6LO 

NK 
896 0 

Fig. 12 ‘I’ime structure of the IBR-II reactor power spectrum. In the Interval 
O- 128 the scaling is 32 ix/channel, in the later ones - 256 ps/channel. 
The narrow peaks on residual background result from the fast main 
reflector. (l’rorn Ananiw et al. 1985) 
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ICANS IX 

22-26 September, 1986 

COMMON PROBLEMS 

A D Taylor 

Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire UK 

INTRODUCTION 

The ICANS collaboration has provided an excellent forum for the discussion 

of problems common to the development of spallation neutron sources for 

condensed matter research. The growth in the volume of each subsequent 

proceedings stands as a testimony to its usefulness for sharing information, 

much of which would be inappropriate to publish elsewhere. The ICANS meetings 

in particular provide an opportunity to discuss the neutronic and engineering 

aspects of target-moderator systems, source-instrument interactions, beam 

quality effects and novel neutron scattering instrumentation and techniques 

(especially those concepts unique to pulsed sources). The following summary of 

recent and potential problem areas may be regarded as a personal agenda for 

future ICANS meetings. 

ACCELERATORS 

The accelerators used are sufficiently different to make this the least common 

aspect. However, some problems are general, such as beam loss, activation of 

components, and .the need for remote handling. Such problems will ultimately 

limit the performance of each accelerator. 
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TARGETS 

The debate between non-fissile targets, fissile targets and ultimately boosted 

targets is far from reaching a consensus. It may be that fissile and boosted 

targets are appropriate only on low current sources. Non-fissile targets on 

present and projected sources are still a long way from their 

thermo-mechanical limit, although some limiting problems may soon be 

encountered in the design of the proton beam window. Fissile targets have been 

designed for 200 uA operation, but the acceptability from an instrumental 

point of view of the contamination due to delayed neutrons has not yet been 

fully evaluated. It may be necessary to employ background-suppressing choppers 

buried deep in the bulk shield to minimise delayed neutron contamination. 

Booster concepts are in their infancy and metallurgical problems have been 

encountered even for low current (10 VA) designs. It is probable that a fuel 

validation study would be required before a highly enriched, high power 

booster could be operated; some indications already exist from SNQ studies at 

LAMPF that the irradiation damage behaviour and embrittlement in proton beams 

is significantly different from that in high neutron fluxes. 

MODERATORS 

Ambient temperature water moderators and 100 K liquid methane moderators 

perform well physically and are well understood neutronically. The neutronic 

behaviour of liquid hydrogen moderators is not so well described and an 

experimental and computational programme to study their behaviour would be 

appropriate. Low temperature solid methane is a significantly better moderator 

than liquid hydrogen but, for radiation damage reasons, can only be used on 

low-power sources. The development of a good high hydrogen density, low 

temperature moderator for use on intense sources would be a major advance. The 

use of polyethylene or solid methane slurrys suspended in flowing liquid 

hydrogen has been suggested, but feasibility studies of the cryogenic 

engineering have not been carried out. 
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INSTRUMENTS 

The first generation of pulsed source spectrometers were in general analogues 

of existing reactor-based instruments. Several new and innovative designs have 

emerged but, as the SNQ study showed, there are many advanced concepts 

involving focusing and phase space transformations which remain to be 

evaluated. The need still remains for low-cost,low-noise, multipixel 

detectors. Data acquisition systems need to respond to the trend towards high 

data-rate multidetector arrays. Systems using 2 MBytes are currently in 

operation, but there is already a need for 20 MByte memories. With such large 

data arrays, sophisticated analysis 'on the fly' becomes almost essential. 

Sample environment development projects have traditionally been underfunded, 

and would probably yield a significant return on investment by opening up new 

areas of physics, particularly in the field of high pressure studies. 

CONCLUSION 

There are sufficient problems common to our various laboratories to guarantee 

the need for many future ICANS meetings ! 
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ICANSIX 

I~ON&~oN~~NEUlX@JsouRcEs 

22-26 September, 1986 

SUMMARY OF WORKSHOP ON 
TARGETS. 

J.M. CARPENTER 

Gary Russell and I were co-chairmen of the session on Targets and 
Moderators held on Tuesday. I thank Tim Broome and Dave Picton for 
recording summaries of the discussion and the contents of the talks. We 

divided our discussions into two halves; target systems and moderator sys- 
tems. For the target session we had three reports, one on the LANSCE 
target system by Gary Russell, another on the ISIS target cooling water 

activation by Tim Broome and a third by Fritz Takeda on the SINQ target, 

t hermofluid dynamics. 

I just want to summarise some of the points that came up and invite 

you all to comment further. I have actually a second motive in making this 
summary: to get people to commit themselves to collaborate on several of 
these matters - that is another function of these ICANS meetings. I shall 
start by relating some of the issues raised. 

One of them has to do with the method of cooling decouplers, partic- 
ularly boron and lithium which capture neutrons by (n,a) reactions and 
therefore deposit heat locally at the site of the neutron interact,ion (com- 

pared to the broader distribution for gamma capture). We need to have 

better information on the relationship of heating (say) to proton beam 

power on the target, and on that basis to devise methods for cooling these 
decouplers (which we can at least imagine will get rather warm). I don’t 
think t,hat we have much data on this. The burclen may lie on t.he Ta.rget/ 

Moderator/Reflector designers simply to work it out by a combination of 
calculation and measurement. I hope that by the time we meet again, we 

will have more information on decoupling materials and their cooling in 
particular. 



Gary R,ussell showed some calculated resu1t.s that, more or less confirm 
a trend to decouple at lower and lower energies. One of the first thoughts 

which Giinter Bauer has disabused us of is t,o decouple moderators from 

their surroundings at some very high energy, like a keV, just to guarantee 
that the pulses will be unbroadened due to interaction with the reflector. 
As time goes on, we decouple at lower and lower energies (we abort fewer 

neutrons), but we still have not fully gone over to Giinter’s point, namely, 

“To use all the neutrons, don’t throw any away”. 
There was another set of issues raised, namely - What are appropri- 

ate coolants for high power (fixed) targets? Water (HZO) is a convenient 
coolant but in booster targets this extends the response time, so that we are 
led to think in terms of DzO. Both have similar heat transfer properties, 

although DzO is about 10% worse than H20. It’s actually in some way 

cont,rary to what we think, that DzO is a good moderator; it’s only good 

when we have huge volumes used as a coolant. Where volumes are tiny 
(the ISIS tsarget is cooled with L+O) it is an inferior moderator and leads 
to shorter response times. I don’t, think that this issue is so important in a 
non-multiplying target,. 

A further question arises: If we push harder and harder on power den- 
sit,ies, when is it necessary to go away from wat,er as coolant, and adopt, for 
example, liquid sodium or sodium/potassium eutect,ic? Giinter Bauer has 

done some analysis of this kind and in the IPNS-II design (pursued long 

ago) the target, was intended to be cooled by Na-Ii eutectic. The next stage 

questions that apply to even higher power densities are: When is it, neces- 

sary to move the target material ? When can we no longer get away with 
keeping it, one piece standing still? The SNQ wheel-design is one method of 
moving the target. material and spreading out the heat, the SINQ naturally- 
circulating Pb/Bi eut,ectic is another. So there are the questions: at. what. 
level of beam power must you go from one technology to another (or when 
must one cooling method be given over in favour of a more difficult one) 

and when must. fixed targehs be replaced by moving t,argets? Eventua.lly. I 

think, we will have a more general understanding of this, but just now it’s 

an issue that lies before us. 
Furt.her, when we address sources of higher power, comes the quest.ion in 

solid t,arget. materials of t.he levels at which thermal elastic shock becomes 
an import.ant. problem. We are capable of delivering pulses hat. are ~nucll 
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shorter than the sound transit time across a typical dimension of a target. 
When a significant amount of heat is delivered (either uniformly or non- 

uniformly) to a part (say a disk in a fixed target), it will want to expand, but 

it cannot in the time that all the energy is delivered, so that after the heating 

impulse a sound wave will propogate and ring within the part. This gives 

rise to a number of stress cycles. The question is, when does this thermal 

elastic stress wave become significant in determining the performance of 
target parts, not only fuel parts but also windows? There have not been 
many analyses which relate to our particular technology. 

A point raised in discussion concerned tile problem due to stress 
cycling from irregularities in accelerator operation or from heat- 

up and cool-down. This was not considered to be a problem 
a.nd anyway can be estimated by standard methods. It was 
suggested that it is relatively benign. We were reminded that 

the thermal stress is at its maximum in the steady state. 

We surfaced the issue of radiation damage in target, parts and windows. 

A window test has been made in a collaboration between SIN and LANL. 
There is the question, what does a good window look like and how long will 
it last? Another problem we are now addressing in the IPNS booster target 

design is how to characterise the radiation and thermal cyc.ling growth 

in uranium targets. The IPNS booster target, uses the (anisotropic) a- 

uranium. Might it be better to go over to the cubic gamma stabilised 
phase? In practical materials with some preferred orientation among the 

grains - a-uranium grows in a preferred direction and shrinks in another - 

if the grains are not randomly orientated there will be large scale growth in 
a particular direction. A related point is that non-uniform irradiation will 
lead to localised growth and hence stress. This leads to - How do radiation 
and thermal cyc.ling growth for our temperatures and our alloys depend on 

stress? This is a highly qualified question, and I think beyond us to answer: 

somehow we need to learn something about. this. 
Gary Russell has developed a very innovative split,-target design. The 

basic motive is to provide a region that8 one can look into through the 

neutron beam holes, behind which there is no target (source of very high 

energy neutrons). An early question was whe&er the presence of this void 
between the moderators causes significant pulse broadening. This issue has 
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been resolved by the results of various studies that Gary Russell has shown. 
The void does not significantly broaden the pulse. 

In comlection with this split target design, we need better understand- 
ing of how the moderator couples to the primary neutron source. To get, 
neutron beam currents in absolute terms in relation to proton beam cur- 
rents maybe not so difficult but you cannot just do measurements cava- 
lierly. I tried them at Argonne and we were left with an uncertainty of 
a facBor of 2; the lower limit says the calculation is good, the upper limit 
says the calculation is a factor of two too low. We found problems due to. 

collimation elements in the beam lines which were misaligned (makes the 

measured neutron intensity lower), but somewhere there are still errors in 

our measurements which have not, yet been traced. We should remember 
that. both measurement. and calculation are very difficult; the success rate 

for Monte-Carlo is very low. 

The following points arose in a general discussion: 

l No real problem (excepting blunders in the representa- 

tion!) come from the Monte-Carlo modelling. Mostly a 

reasonable approximation to the geometry will do. 

l Proton beam measurements should be able to be made to 

10% or better. 

l It was suggested tha.t maybe the neutron part is perhaps 

the easier of the two. Cyare has to be taken to ensure that 

the proton beam current measurement determines what 
actually strikes the target. In the early days at ISIS, 50% 

changes were found in the number of neutrons per proton. 

This was cleared up with a better monitor of what goes 

onto the target. 

l Gary Russell said that (despite several difficulties) they 
were planning a. mea.surement of the LANSCE! system in 
the very near future. 

One of the mot,ives for the split,-target is t.o produce a lower background 

of the very high energy neutrons. Somehow one needs to know t,he ext,ent, 
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to which this design really works. It’s rather difficult to make the compar- 
ison between this target and a solid target, nevertheless it would still be 

interesting to know if the flux trap geometry does work to produce a low 
background of very high energy neutrons. A secondary question: here is 
this hole - should we leave it empty or put something in there? If you put 

in tungsten or uranium iti’s no longer a split, target! But what about D20 

or beryllium, is this good or harmful? There are questions of how to cool 

it. That would be an interesting study! Another question for split targets 

is, should the pieces be of the same material? (eg the front half [where the 

power density is the highest] of tungsten and then use a high gain material 
[like Uranium] at the back). These are the questions which it would be 
hoped would be answered by the time of the next ICANS. 

There are some resolved issues. We know that the split targets are 
feasible: maybe there were no doubts, but now there has been one run, 
we know it works! The question of the pulse broadening (I say) has been 
resolved by Gary’s calculations. In a separate report, we found that codes 

now exist to calculate satisfactorily the activity in water coolant and in 

fact in complex loops of cooling systems; that has been checked out’ on ISIS 

and the procedure seems to work. Fritz Takeda showed great, progress on 

the understanding of the systematics of naturally circulating liquid metal 
target systems. There have been new methods developed which are being 

employed to refine the design, so that is a resolved issue, but there are still 

many unresolved design questions. 
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ABSTRACT 

During the summer of 1985, we replaced the WNR T-shaped target/moderator 

scheme with the LANSCE split-target/flux-trap-moderator design. The intent 

of this ‘LANSCE upgrade ’ was to increase (to 12) the number of neutron beam 

lines serviced simultaneously, and to enhance the target area shielding and 

target system to accept 200 nA of 800-MeV protons. The four LANSCE 

moderators consist of three (chilled) water moderators, and a liquid 

hydrogen (20 K) moderator. The LANSCE target is machinable tungsten. 



INTRODUCTION 

The Los Alamos Neutron Scattering Center (LANSCE)’ consists of the Proton 

Storage Ring (PSR)‘, and the high-current target area of the ‘old’ Weapons 

Neutron Research (WNR) facility3 (see Fig. 1). As can be seen in Fig. 1, 

the LANSCE target area has vertical proton insertion; the layout of the 

neutron flight paths is shown in Fig. 2. This particular combination of 

vertical proton insertion and four flight path clusters at 90 degrees to 

each other (three flight paths per cluster) provides peculiar challenges 

for target/moderator design. Our split-target/flux-trap-moderator concept 

(see Fig. 3) provides an innovative and excellent soluticn to these 

particular design constraints. The four flux-trap moderators shown in Fig. 

3 exist; the two ‘future’ upper moderators (depicted in wing-geometry) will 

accommodate additional flight paths constructed specifically to service the 

new expanded experimental hall.1 We will do further studies to determine 

if the upper moderators should be in wing- or slab-geometry. 

The LANSCE target system has four unique features: 

- There is no crypt per se (a void region) surrounding the 

target-moderator-reflector-shield (TMRS). 

- The target is not in one piece, but is split into two unequal 

segments separated by a void. 

- Moderators are not located adjacent to the target as in 

conventional wing-geometry design. In the LANSCE TMRS, 

moderators are located between the target elements next to a 

void region (flux-trap) between the target elements. 

- A conventional all beryllium reflector is not used; instead, a 

composite beryllium/nickel reflector/shield is employed. 
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For ease of installation and to retain flexibility, we built the LANSCE 

TMRS in two distinct sections: a) an inner region housing the targets, 

moderators, and the start of the beryllium/nickel reflector/shield, and b) 

an outer nickel reflector/shield zone. We cool both regions with light 

water. 

When a reflector is used to enhance neutron production, there is no reason 

to surround the reflector with a void region. This space is better 

utilized for shielding purposes. For the LANSCE upgrade, we removed 

everything from the 2-m-diam by 2-m-high WNR crypt3, and reinstalled the 

LANSCE TMRS plus additional iron shielding in the forward, backward, and 

radial directions. By using a split-target with four moderators around the 

void region between the targets, we are able to neutronically service all 

12 LANSCE flight paths simultaneously. 

The layout of the LANSCE flux-trap moderators is further illustrated in 

Fig. 4. The poison defines an ‘effective’ volume for thermal or cold 

neutron production. The decoupler neutronically isolates a moderator from 

the reflector/shield. The liner eliminates neutron ‘crosstalk’ between the 

moderator surface viewed by a flight path and the reflector/shield. The 

energies at which poisons, decouplers, and liners are effective in 

tailoring neutron pulses depend on the material used. By employing various 

combinations of poison, decoupler, and liner materials, we customize the 

neutronics of each moderator to meet specific experimental requirements. 

By combining beryllium and nickel in a reflector/shield configuration, we : 

enhance both our thermal neutron production and neutron shielding 

capabilities. 4 

We will now describe what we did during the IANSCE upgrade, review 

neutronic calculations done to support our liquid hydrogen moderator 

design, discuss our operating experiences with the liquid hydrogen 

moderator, and examine further improvements to LANSCE. 



LANSCE UPGRADE 

Shielding 

Everything in the ‘old’ WNR crypt (including the borated water tank) was 

removed in preparation for the LANSCE upgrade. We enhanced the neutron 

shielding in the forward direction to the proton beam by installing a water 

cooled stainless steel shield designed to remove two kW of heat. Primary 

protons are completely stopped in the LANSCE TMRS, and do not contribute to 

this heat load. The stainless steel shield (shown in Fig. 5) was the first 

element installed in the LANSCE upgrade, and added about 50 cm of iron 

shielding. Besides this new shield component, the LANSCE lower tungsten 

target provides additional neutron shielding in the extreme frontal 

direction to the proton beam. 

We also enhanced the neutron shielding in the backward direction to the 

proton beam. Progressing out from the TMRS center, this rearward 

shielding now consists of 30 cm of nickel (provided by the TMRS) and 150 cm 

of iron. We also have 10 cm of poleythylene above the iron layer to 

mitigate the ‘iron window’ effect. Cadmium (0.8 mm thick) is placed on the 

service cell side of the polyethylene to help reduce thermal neutron 

activation in the service cell. The service cell is the area above the 

TMRS that houses the go-degree-bending-magnet assembly for the proton beam 

and various TMRS support and remote handling systems. 

The shielding added in the radial direction (illustrated in Fig. 2 and 

shown in Fig. 6) consists of two parts: a) an iron layer 30 cm thick placed 

between the crypt wall and the LANSCE TMRS, and b) the TMRS itself. In the 

TMRS, the nickel layer not only serves as a neutron shield, but is also an 

integral part of the reflector system. The overall radial thickness of the 

nickel in the TMRS is 30 cm. The composite beryllium/nickel reflector/ 

shield is neutronically better (in the lo-20% range) for thermal neutron 
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i’ production than an all beryllium reflector: with the added benefit of the 

additional shielding provided by the nickel. The inner portion of the TMRS 

is shown in Fig. 7. 

The shielding enhancements described above were designed to allow for 

LANSCE operation with 200 uA with 800-MeV protons. 

Targets and Moderators 

The LANSCE split target is shown disassembled in Fig. 8 and assembled in 

Fig. 9. The target consists of two solid pieces of tungsten surface-cooled, 

with light water. The upper target is 10 cm in diameter and 7.25 cm long; 

the lower target is 10 cm in diameter and 27 cm long; the flux-trap region 

between them is 10 cm in diameter and 14 cm long. We designed the target 

to accept 100 uA of 800-MeV protons. The target is simple and relatively 

inexpensive to build. In Fig. 10, where we compare the LANSCE and ISIS’ 

target designs, one can see how the basic neutron production advantage of 

depleted uranium (as in the ISIS target) compared with ‘solid’ tungsten, is 

significantly compromised in ‘engineered’ targets. This occurs primarily 

because the depleted uranium target must be severely segmented for.cooling 

purposes, and each segment must be clad to contain fission products. 

Because of the necessity to deal aggressively with cladding and containment 

requirements, fission products, and potential radiation damage problems, a 

fissile target is much more costly to build and operate than a pure 

spallation target, such as tungsten or tantalum. 

Light water (chilled to 10 C) was chosen for three of the four LANSCE flux- 

trap moderators, and liquid para-hydrogen at 20 K for the fourth moderator. 

The water moderators are kept chilled for better temperature stability. We 

chose liquid hydrogen for our initial cold moderator for the following 

reasons : a) the availability of local expertise in extensive use of liquid 



hydrogen, b) access to a refrigeration system capable of meeting our needs, 

c) consideration of a properly developed liquid hydrogen moderator as a 

true high-power, high-intensity cold neutron source, and d) recognition 

that other practical cold moderator candidates, i.e., liquid and solid 

methane, being developed at other laboratories (ISIS, 6 IPNS,7 and KENS8) 

may suffer from radiation damage at high-power (>lOO uA) operation. 

The physical moderator sizes and our choices of poisons, decouplers, and 

liners are summarized in Table I. We designed two of our water moderators 

for high intensity and moderate resolution by placing a gadolinium poison 

layer at 2.5 cm from the output face, and using cadmium decouplers and 

liners. We designed the third water moderator for high resolution by 

placing gadolinium poison at 1.5 cm, using elemental boron-10 as the 

decoupler, and employing a boral liner. The boron compounds decouple (l/e) 

at an energy of about 3 eV. For our initial liquid hydrogen moderator 

design, we are mainly interested in intensity and not too concerned with 

neutron pulse widths. Accordingly, we did not poison, decoupled with 

gadolinium, and used cadmium liners. Disassembled and assembled light 

water moderators are shown in Figs. 11 and 12, respectively. The liquid 

hydrogen moderator is shown in Fig. 13. Exclusive of the void region 

between the targets, there is about 10 cm of beryllium between the 

moderators and the nickel reflector/shield. 

Support Systems 

In addition to modifying the shielding and neutron production schemes, we 

also upgraded the LANSCE support systems. These support systems include 

the ventilation, moderator cooling, and target/reflector cooling systems. 
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Ventilation 

During the LANSCE upgrade, we did not modify the ventilation scheme. 

However, we did recognize two potential changes: a) modifications will be 

required if a depleted uranium target is installed, and b) instead of 

evacuating the LANSCE crypt, we may want to fill it with helium. We 

presently evacuate the crypt to about 20 microns, and have found the crypt 

vacuum to be an extremely useful diagnostic for monitoring the integrity of 

the target system inside the crypt. We continually watch crypt vacuum, and 

have it tied into the LANSCE ‘run permit’. 

Moderator Cooling Loop 

We designed this system to provide (chilled) 5 + 0.3 C demineralized 

(processed) water to the moderator canisters, and presently operate the 

loop at a nominal 10 C. Except for the aluminum moderator canisters, the 

system has all stainless steel components, and is shown schematically in 

Fig. 14. We designed the loop to remove 4 kW of heat. The system volume 

is 1000 liters. 

We maintain the moderator water temperature with a water cooled freon-12 

chiller system to cool the 880 liter process water storage tank. A 

centrifugal pump circulates the processed water through a closed loop to 

the moderator canisters. In a bypass polishing loop, we flow 15 %/min 

through a set of demineralizer resin beds to maintain a resistivity of 

about 5 megohms in the main loop. Makeup water is automically added to the 

storage tank from the LANSCE demineralized water supply. 
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Target/Reflector Cooling Loop 

We have a separate system for cooling targets, reflector, beam stop, and 

‘future’ high-power liners. This cooling loop is shown schematically in 

Fig. 15. We used all stainless steel components in the crypt, service 

cell, and beam channel areas. Because of cost considerations, we used some 

brass and copper components in the service area; these brass and copper 

components will be removed in the near future. We designed the system with 

the capacity to cool a ‘future’ depleted uranium target bombarded by 200 I-IA 

of 800-MeV protons ; we can remove 500 kW of heat at a flow rate of 22.7 R/S 

at a pressure of 100 psig. For a depleted uranium target, we will need 

multiple flow channels through the target and provisions for removing decay 

heat (see Fig. 15). 

We built the system on four separate skids, and interconnected them with 

piping. The pump, heat exchanger, expansion tank, demineralizer, and 

valving are on skids in the service area. A valve gallery skid containing 

valves, flow, and pressure monitoring components is located in the service 

cell. 

We circulate the water with a single 60 HP centrifugal pump to the valve 

gallery where it divides to cool all components. We monitor the input and 

output temperature, flow, and pressure for each of the three target cooling 

subloops. The target cooling circuit also contains provisions for a 

‘future’ emergency decay cooling section using a pump powered by a motor- 

generator set. If necessary, this latter pump is backed up with the 

provision for single pass flow of industrial water. We monitor the output 

side of reflector, beam stop , and liners for temperature, flow, and 

pressure. The volume of the cooling system is about 1000 liters. 

The system has an air separator for removing entrained air through a HEPA 

filter. We make the heat exchange through a plate type heat exchanger 
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cooled by facility tower water. Makeup water is added automatically from 

the LANSCE demineralized water supply. We strip off about 0.3 a/s of water 

from the main flow, drop its pressure to 40 psig, and flow this bypass 

stream through a demineralizer tank containing a mixed resin bed and an 

oxygen scavenger resin. We continually monitor the resistivity and pH of 

the main cooling loop. 

All flow circuits can be purged with dry helium to force the residual water 

into radioactive waste storage tanks. All skids have drip pans to catch 

and drain lost water into radioactive waste storage tanks. Water from the 

cooling system is routinely monitored for radioactivity by the Laboratory’s 

Accelerator Health Protection Group. 

TARGET/#ODRRATOR NHJTRONICS 

The LANSCE neutron production scheme, consisting of a split-target with 

moderators located around the void space between targets, is an 

unconventional spallation neutron source target system design. We have had 

to convince both ourselves and our colleagues of the viability of this 

approach. Accordingly, we have done extensive Monte Carlo neutronic 

simulations of the LANSCE TMRS concept. We also have a comprehensive 

experimental effort to support our general understanding of spallation 

9-11 
neutron source neutronics. We combined both these endeavors to bolster 

the unique LANSCE TMRS design. 

Split-Target Performance 

We have gone through a comprehensive series of Monte’ Carlo neutronic 

calculations for the LANSCE TMRS. We were primarily looking for neutron 
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intensity shortcomings, and any degradation in neutron pulse widths due to 

the void space between the targets. Compared to a conventional wing- 

geometry system (where moderators are placed close to targets for ‘good’ 

geometric and neutronic coupling), the LANSCE TMRS appears to suffer a 15- 

20% reduction in thermal neutron intensity. This is an acceptable 

compromise for serving the twelve LANSCE flight paths simultaneously. In 

contrast to the aft moderators in a multi-moderator, wing-geometry design 

(where the forward moderator intensity is about twice that of the rearward 

moderators), all IANSCE flux-trap moderators are ‘high intensity’. We see 

no evidence of any degradation in thermal neutron pulse widths from the 

LANSCE flux-trap moderators. 

Water Woderator Neutronics 

As can be seen in Fig. 16, flux-trap moderator performance is strongly tied 

to the thickness and type of liner (and decoupler) used. As a ‘rule of 

thumb’, one wants to get as much neutron intensity from a moderator as 

possible with little or no attendant degradation of the neutron pulse 

width. This is obviously an over simplification because it is an energy 

dependent consideration; we are concentrating on ‘thermal neutrons’ in Fig. 

‘16. Referencing 1 cm of sintered 10 B C as a neutronically ‘thick liner’, 4 

one can get at least a factor of 5 relative increase in neutron intensity 

(without a neutron pulse width penalty) if a 0.05 cm-thick l”B4C liner is 

employed (see Fig. 16). The same effect can be achieved using 0.0762 cm 

(30 mils) of Cd. 

The importance of a reflector in the LANSCE TMRS concept is also 

illustrated in Fig. 16, where it can be seen that the reflector enhances 

the thermal neutron production by about a factor of 100 compared to the ‘no 

reflector’ case. This relative gain is obtained by referencing the 
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intensity with a l-cm-thick 10 B4C liner (which essentially negates the 

effect of a reflector) to that of a liner of zero thickness (a coupled 

system). Such a large reflector gain does not occur for the T-shape, wing, 

and slab moderator configurations. For our two ‘high-intensity’ water 

moderators, we chose 0.0762 cm of Cd for both the decouplers and liners. 

For our ‘high-resolution’ water moderator we use elemental “B for the 

decoupler, and boral for the liner. The neutron decoupling energy for 

these two boron compounds is about 3 eV. 

Overall moderator thickness determines epithermal neutron performance; we 

chose the thickness of our water moderators using the data given in Fig. 

17. In this figure, we show ‘figure-of-merit’ (defined as neutron 

intensity divided by the square of the neutron pulse width) versus 

moderator thickness. Using the data in Fig. 17, we selected overall 

moderator thicknesses of 3.5 cm f,or- two moderators, and 4.0 cm for the 

third. We would have made all three moderators 3.5 cm thick, but could 

not because of an early decision required on moderator field-of-view 

locations. This early determination was needed so that neutron collimation 

systems could be designed. 

The poison material, thickness, and depth from the viewed surface 

determine the thermal neutron performance of a moderator; We chose 

gadolinium as our poison material; the thickness of the gadolinum poison 

ranges from 0.00381 to 0.00508 cm (1.5 to 2.0 mils). For the two high 

intensity moderators, we set the poison depth at 2.5 cm; for the high 

resolution moderator, the poison depth is at 1.5 cm. 

As mentioned above, the effect of a reflector on enhancing moderator 

neutronics is strongly dependent upon the geometry of the target/ 

moderator/reflector system. For our flux-trap system, the reflector 

enhancement is about lOO! For wing-geometry, the embellishment is more 

like a factor of 3-4.’ For slab-targets and slab/moderators 12,I3 or a 
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hybrid system, 
14 

reflector augmentation of moderator neutron intensity is 

around a factor of 2. The reason is that slab systems in general are 

intrinsically neutronically efficient , and the addition of a reflector has 

a minimal (but significant) effect on moderator neutronic performance. The 

effects of a reflector and liner thickness on a hybrid moderator system are 

shown in Figs. 18-20. 

Cold Eydrogen Neutronics 

Monte Carlo techniques are generally used for doing the complex neutronic 

calculations required in spallation neutron source design. The complicated 

geometries of these sources are (more-or-less) adequately handled by Monte 

Carlo methods. However, it is not sufficient to just treat the geometry 

correctly; the physics of the problem (which is even more involved) must 

also be dealt with properly. The physics comes in via the neutron cross 

sections used. A particularly weak link at low energies is the 

availability and adequacy of scattering kernels to describe these cross 

sections. 

This could be a particular problem for liquid hydrogen, where there may be 

serious deficiencies in pertinent data and adequate theoretical kernel 

formalisms. In particular, theoretical scattering kernels for liquid 

hydrogen should: a) model ‘liquid’ effects properly, and b) adequately 

account for the different cross sections of ortho- and para-hydrogen. We 

have not made any effort to find the most recent experimental data for 

liquid hydrogen cross sections or the latest theoretical kernel formalisms. 

Instead, we obtained from our Jiilich colleagues 
15 

a cold molecular-hydrogen 

gas kernel formulated by Young and Koppel. 
16 

This kernel should be 

applicable to liquid hydrogen for input neutron energies above 7 meV. This 

latter qualification is not too comforting; however, the severity of the 

restriction depends on how important ‘liquid’ effects are below 7 meV in a 



particular application. We implemented this kernel at Los Alamos and used 

it in all neutronic calculations supporting our liquid hydrogen moderator 

design. 

As mentioned above, Young and Koppel (in 1964) published a formalism for 

calculating neutron cross sections for cold molecular-hydrogen gas. Their 

calculated total cross sections for both para-hydrogen and ortho-hydrogen 

gas at 20.4 K agreed reasonably well with the limited experimental data 

available at that time. Their calculated results and comparison with 

experimental data are shown in Fig. 21. A pronounced rise in the para- 

hydrogen cross section can be seen at roughly 10 meV. In their paper, 

Young and Koppel also gave a simplified cross section formalism where 

vibrations were not considered. It was this latter formalism which we 

received from our Jiilich collaborators (in coded form) and implemented on 

the Los Alamos computers. In Fig. 21, we also show the cross sections as 

calculated at Los Alamos using the kernel obtained from Jiilich. The 

difference between the results obtained using the approximate formalism 

compared to the more complete treatment, as calculated by Young and Koppel, 

are evident. The effect of these differences on an applied calculation of 

spallation neutron source neutronics is difficult to quantify. 

The ‘normal’ concentration of hydrogen at 300 K is 25% para-hydrogen and 

75% ortho-hydrogen; at 20 K the concentration is 100% para-hydrogen. If 

neutronically wise and physically possible, we would like to take advantage 

of the larger ortho-hydrogen cross section in designing liquid hydrogen 

moderators. Because of the rapid changes in the para-hydrogen cross 

section in the region around 10 meV, we binned the data from our Monte 

Carlo calculations into the following energy ranges: a) E 5 10 meV, b) 10 

meV 5 E < 100 meV, and c) E < 100 meV. By binning the results in these 

energy ranges, one should get a feel for the relative importance of para- 

and ortho-hydrogen cross sections on hydrogen moderator neutronics. 



In Fig. 22, we show calculated results of moderator neutron leakage versus 

moderator thickness for two different para-hydrogen concentrations. The 

computations were for a coupled moderator, that is, no decoupler/liner. 

For 100% para-hydrogen and ‘cold’ neutrons (defined here to be neutrons 

with energies below 10 meV), the neutron leakage reaches a ‘plateau’ at a 

moderator thickness of about 3 cm. The maximum neutron leakage for 

‘epicold’ neutrons (defined here to be neutrons in the energy range 10 meV 

5 E 3 100 meV) is between .l and 2 cm. The situation is somewhat different 

for the ‘normal’ (25% para- and 75% ortho-) hydrogen concentration where 

there is no plateau effect for the cold neutrons. For normal hydrogen, 

cold neutron leakage has broad maximum around 4 cm, and epicold neutron 

leakage .peaks just below 1 cm. Note that the maximum neutron leakage 

intensity from a pure para-hydrogen moderator exceeds that from a normal 

hydrogen moderator! One must remember, however, that all hydrogen 

moderator neutronic calculations reported here use Young and Koppels’ 

approximate cold molecular-hydrogen gas kernel at 20 K. 

We show the same type of data for a decoupled system in Fig. 23. The 

gadolinium decoupler/liner was 0.00381 cm thick (1.5 mils). Comparing the 

data in Figs. 22 and 23, we see that the shapes of the curves are different 

for the coupled and decoupled cases. This just emphasises the complexity 

of what is going on in the physical process of producing cold neutrons. 

For these calculations, moderator neutron leakage is strongly dependent on 

the energy distribution of the neutrons ‘feeding’ the moderator. The 

differences in absolute neutron intensities between coupled and decoupled 

moderators (Figs. 22 and 23) are indicative of the penalties paid when 

neutron pulses are shaped with decouplers and liners. Using the data in 

Fig. 23, together with the criteria of keeping energy deposition minimal, 

we set the LANSCE liquid hydrogen moderator thickness at 5 cm. The 

calculated energy deposition in a coupled cold hydrogen moderator as a 

function of moderator thickness is depicted in Fig. 24. 
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In Fig. 25, we show neutron leakage versus para-hydrogen content for a 5- 

cm-thick decoupled and coupled hydrogen moderator. The neutron leakage 

intensities do not vary dramatically, have different shapes depending on 

whether the moderator is decoupled or coupled, and, for the decoupled case, 

are essentially flat. For a coupled moderator, our data show cold neutron 

leakage increasing linearly with para-hydrogen concentration. This is in 

slight difference to the results given in Ref. 17, which, for a coupled 

system, show an intensity peak at a hydrogen concentration of 90% para and 

10% ortho. However, the referenced data do not vary by more than 25%, and 

quote neutron leakage intensities in the 5-6 A range compared to our 

integral results which are for neutron wavelengths greater than 3 A. 

Deviations in the details of data reporting probably account for the minor 

disparances between the two calculational results. 

In Figs. 26 and 27, we show calculated neutron leakage intensities and 

pulse widths for a 5-cm-thick moderator; this is the thickness of the 

LANSCE cold source. The intensity penalty for using decouplers and liners 

is evident. However, the degradation in neutron pulse widths below the 

cutoff energy of the decoupler/liner (about 0.2 eV for the Gd used here) 

can be severe. Depending on the application, neutron choppers can be used 

to better shape the neutron pulses from a coupled moderator. In Figs. 26 

and 27, there is very little difference in the energy distribution and 

intensity of neutrons from a 100% para-hydrogen moderator compared to a 25% 

par- and 75% ortho-hydrogen one. This is independent of whether the 

moderator is decoupled or coupled. This should not be too surprising 

because we deliberately chose the thickness (5 cm) of the LANSCE cold 

hydrogen moderator to minimize the effects of differing para-hydrogen 

concentrations. To take advantage of any gain attributable to ortho- 

hydrogen, one must design a specialized moderator canister (for example, a 

re-entrant canister). 

For the LANSCE hydrogen moderator thickness of 5 cm, we directly compare 

leakage neutron spectrum from a 100% para-hydrogen moderator to that from a 
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25% para- and 75% ortho-hydrogen one in Fig. 28. As can be seen, there is 

little quantitative difference predicted by the Young and Koppel cold 

molecular-hydrogen gas kernel. For 100% para-hydrogen, there are a few 

more neutrons in the 5-50 meV range. The presence of ortho-hydrogen 

produces a slightly ‘cooler’ spectrum. The enchancement of ‘cold’ neutron 

production from a cold source compared to an ambient temperature moderator 

is dramatic. 

For a 100% para-hydrogen moderator 6 cm thick, the penalties for shaping 

neutron pulses with decouplers and liners are further illustrated in Fig. 

29. Here we see that cold neutron production increases by a factor of 

about six when going from a decoupled to a coupled moderator. For a 

pulsed spallation neutron source, not all this gain is useful because a 

significant fraction of the neutrons are produced in the ‘tails’ of the 

neutron pulses. If one assumes that neutrons produced in the first 200 us 

of a pulse are useful, the cold neutron intensity gain of a coupled 

compared to a decoupled moderator is about 2.3. To take advantage of this 

latter intensity increase, one would use a neutron chopper to produce 

neutron pulses from a coupled system. In Fig. 29, the relative importance 

decouplers and liners have on neutron leakage intensity can be seen. The 

impact on neutron pulse widths should be more pronounced for liner removal 

than decoupler removal. As shown in Fig. 29, the effects of decoupling and 

coupling on neutron leakage intensity are energy dependent, again 

demonstrating the complexity of the physical processes going on during 

moderation. As can be seen in Fig. 29, neutron leakage intensity is not 

too sensitive to the type of material used for decouplers and liners. 

LIQUID HYDROGEN MODERATOR SYSTEH 

We installed the LANSCE liquid hydrogen moderator system during the 1985 

LANSCE upgrade, and reported on it at ICANS-VIII, 
18 

and more recently at 
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the 1986 annual meeting of the American Institute of Chemical Engineers. 19 

While the system has remained operational since ICANS-VIII, we have been 

limited to approximately 2500 hours of operation at proton beam currents up 

to 35 MA. This running time has primarily been influenced by: a) PSR 

commissioning, where high priority has been given to understanding PSR 

operation in lieu of production time, and b) delays in design, fabrication, 

and installation of the small angle scattering instrument which utilizes 

the cold moderator. 

System Description 

We flow liquid hydrogen to and from the moderator canister. The system 

consists of the following major components: a) a KOCH model 1430 liquid 

helium refrigerator, b) the helium-to-hydrogen heat exchanger, c) a 

resistance heater, d) the liquid hydrogen circulating pump, and e) the 

moderator canister. The layout of these components is shown in Fig. 30. 

The KOCH unit is powered by three reciprocal compressors and has a capacity 

of 500 Watts at 20 K. 

Through cryogenic transfer lines , we circulate cold helium gas from 

the refrigerator to the helium-to-hydrogen heat exchanger. As the hydrogen 

loop cools down, we add hydrogen at a pressure of 15 atm. When full, the 

volume of liquid hydrogen in the hydrogen loop is about 6 liters. Using a 

centrifugal pump, we circulate liquid hydrogen to the moderator canister 

through cryogenic transfer lines. A schematic of the liquid hydrogen 

system is shown in Fig. 31. 

In addition to nuclear heating during operation, we deliberately add heat 

to the hydrogen loop through the resistance heater. We do this to maintain 

a steady heat load for the refrigerator , and a moderator temperature 

variation of f 1 K. The moderator, pump, and heat exchanger are in an 

193 



evacuated space. We continually monitor the moderator temperature using a 

hydrogen vapor bulb thermometer and the heat exchanger temperature with 

silicon diodes. Pressure transducers are located throughout the system to 

monitor hydrogen pressure. 

System safety is assured through multiple overpressure relief devices which 

vent the hydrogen into an exhaust stack when overpressure occurs. A 

solenoid ‘dump’ valve (controlled by relay logic with inputs from 

combustible gas detectors, vacuum gauges, and pump and refrigerator status) 

is also connected into the vent stack. 

System Problems 

The helium-to-hydrogen heat exchanger is presently located in the service 

cell, an area which may experience radiation levels as high as 50 Rem/h at 

100 uA of proton current. At this current, we estimate 30 Rem/h at the 

location of the pressure transmitter for the vapor bulb thermometer. One 

potential problem associated with such relatively high radiation levels is 

premature failure of the signal conditioning electronics for the pressure 

transmitter. At the nominal proton currents of 20-25 uA run to date, we 

may have begun to experience temperature drifts attributable to the onset 

of radiation damage in the pressure transmitter electronics. 

Several power failure problems have caused our safety rupture diaphragm to 

do its job and burst. We designed the vent valves to open on a power 

failure and leave the loop in a safe state after unscheduled power outages. 

The breaking of the rupture diaphragm occurred when the valve opened 

starting a flow of liquid hydrogen, and, when the power returned shortly 

thereafter, liquid hydrogen was trapped in warm lines. This trapped liquid 

hydrogen rapidly turned to gas causing an overpressure and breaking of the 

rupture disk, This failure mode has been eliminated by modifying the power 

supply electrical operation to carry us through ‘short’ power glitches. 
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On the positive side, the liquid hydrogen system has performed as expected 

with no active controls being required. 

Short-Term Improvements 

During the upcoming cycle break starting roughly mid-December and lasting 

through about mid-June of 1987, we will relocate the vapor bulb thermometer 

electronics from the service cell to the service area. This will 

essentially mitigate any radiation damage problems to this unit. 

Our present startup and cool down procedures require personnel to be 

in the service area to do the needed tasks. This requirement, in turn, 

prohibits proton beam from being delivered to LANSCE. We will eliminate 

this unnecessary perturbation to the already precious LANSCE production 

time by extending the charge piping for the hydrogen loop to an area 

accessible when LANSCE is operating. This will reduce LANSCE downtime 

during the cool down period for the hydrogen moderator system. 

Long-Term nodifications 

Our long range plans include moving the helium-to-hydrogen heat exchanger 

unit from the service cell to the service area. The service area has a 

much lower radiation level, essentially eliminating any radiation damage 

concerns. Relocating the heat exchanger and helium refrigerator units 

outside the service area is an option we will also consider. 

The present hydrogen moderator canister is a ‘flat plate’ design. With 

help from our colleagues at the Rutherford Appleton Laboratory, we intend 

to fabricate and have on hand a ‘spherical sided’ hydrogen moderator 

canister. This will improve the safety factor for materials failure at our 



present operating pressure of 15 atm. This improved canister design will 

also allow us to fabricate the canister with thinner walls. 

Finally, we are investigating methods to maintain and monitor a liquid 

mixture of 25% para and 75% ortho hydrogen. As noted in the cold hydrogen 

neutronics section, we would have to neutronically optimize the target 

canister design to take full advantage of this capability. 

FUTURl3 IHPROVRMENTS TO LANSCE 

In addition to the specific betterments to the liquid hydrogen moderator 

system discussed above, we will continue to enhance the neutron production 

and understand the performance of LANSCE. The improvements will primarily 

be in the following areas (arranged roughly according to priority): 

optimization of the TMRS materials and geometry, 

maximization of moderator neutronic performance to experimental 
requirements, 

implementation of more cold moderators, 

application of a fissile depleted uranium target, and 

if technologically feasible and warranted, utilization of a 

fissile ( , 
235U 239 

Pu, etc.) booster target. 

For Los Alamos spallation target system designs, we have always emphasized 

optimal neutron production and efficient neutron utilization. This can 

easily be as important in useful neutron production for experiments as 

making more neutrons by using advanced targets such as depleted uranium. 

We are taking both approaches (optimal neutron usage and implementation of 

advanced targets and moderators) in our upgrades to the LANSCE target 

system. This involves: a) proper choice of target, moderator, reflector, 

poison, decoupler, liner, structural, and cooling materials, b) placing 

these materials in an optimal geometry, c) matching source neutronics to 
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instrument requirements, and d) engineering the system to operate at high- 

power for a useful period of time. In addition, we need to better 

understand LANSCE shielding requirements, and improve the LANSCE target 

area remote handling capabilities. Ve must also look to the next 

generation of LANSCE. 

If one considers materials like tungsten, tantalum, and ‘lead’ to be pure 

spallation targets, then depleted uranium is a spallation/fission target, 

and a booster target is a fission/spallation target. We ‘sorted’ the 

targets according to the importance fission plays in neutron production. 

This ordering automatically ranks the targets according to cost and 

complexity, with the booster target being the most expensive and difficult 

to implement. We put lead in quotes because at proton energies of .800-MeV 

and higher, even a lead target fissions slightly. 

For a LANSCE target designed to handle 100 @ of 8004eV protons, we have. 

calculated the gain in useful neutron beam flux from an engineered depleted 

uranium target to be 1.4-1.5 that from an engineered tungsten target? We 

consider this gain to be significant, but only one of the many issues which 

must be addressed to employ a fissile target. Other important 

considerations are safety, cost, complexity, and the ‘quality’ of the 

neutron beams delivered to the users. This latter consideration must 

include such effects as delayed neturons, delayed fissions (as they 

contribute to neutron pulse broadening), and additional gamma-ray 

contamination of the neutron beams. However, depending on funding support 

and user input, we are including a depleted uranium target in the plans for 

the future betterment of LANSCE, and have started considering some initial 

detailed issues necessary for implementing a LANSCE depleted uranium target 

sys tern. 

One such item is the induced radioactivity and afterheat production for 

such a target. 
20 Detailed procedures to calculate the time behavior of 
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radioactivity, thermal power, nuclide production, etc. from proton 

bombardment of a spallation target have been devleloped by Atchison 
21 

and 

Schaal. 
22 

At Los Alamos, we developed a similar capability by coupling our 

Monte Carlo code package 23 with the KFA/Jiilich version of ORIHET and 

ORIGEN . We adapted the Jiilich ORIGEN code to accept the expanded Los 

Alamos ORIGEN library. It is not possible for the ORIGEN code to calculate 

the time behavior of all nuclides produced by spallation reactions because 

the cross section libraries of the ORIGEN code are based on fission reactor 

applications. Also, calculational procedures do not account for nuclide 

burnup, and Atchison’s ORIHET data libraries do not contain nuclides with 

mass numbers below 40. Shaal extended these libraries into the mass number 

range A < 40, but still the libraries are incomplete. 

For LANSCE depleted uranium target, an irradiation time of two years is 

foreseen with two half-year operating periods. We did a calculation of 

induced radioactivity and afterheat for a split-target imbedded in the 

LANSCE TMRS. We assumed an irradiation time of one year without any 

shutdown; this assumption leads to pessimistic values of target 

radioactivity and afterheat. The results of the computation are shown in 

Figs. 32 and 33 and in Tables II and III. We used this type of data to 

determine the capacity of our target cooling system, and to size the 

emergency backup cooling loop. The data are also necessary for safety 

considerations. 

To assure ourselves that our innovative flux-trap design is competitive 

with the more ‘classical’ wing-moderator approach, we calculationally 

compared thermal neutron production from flux-trap and wing-geometry 

moderators. We did the computations for two ‘viewed’ moderator surfaces; 

the geometries used are illustrated in Fig. 34. We further quantified the 

intercomparison by using IPNS, ISIS, and LANSCE ‘as built’ target designs 

and proton beam characteristics. The results of the calculations are shown 

in Figs. 35 and 36. We believe these intercomparisons between facilities 
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fo be the best relative comparisons that exist to-date; and demonstrate our 

resolve to keep LANSCE at the forefront of the world’s pulsed spallation 

neutron sources. The moderator, poison, decoupler, and liner materials, 

and poison depth from the moderator viewed surface were the same in all the 

computations. The reflector material was that used at each facility. We 

did not account for either reflector coolant nor (with the exception of the 

target itself) for any particulars associated with real engineered systems. 

As can be seen in Fig. 36, LANSCE (when operating at design specifications) 

will be the most intense pulsed spallation source in the world. 

If we denote the existing LANSCE facility as LANSCE-I, then LANSCE-II 

designates a target area at the proposed Los Alamos Advanced Hadron 

Facility (AHF).24 As presently envisioned, LANSCE-II would be a ‘world 

class’ cold neutron facility for materials science research;’ we are 

attempting to integrate LANSCE-II with a neutrino facility. Preliminary 

LANSCE-II proton beam characteristics are 500 pA of l-2 GeV protons in 1 us 

bursts at 12 Hz. The LANSCE-II target area concepts are just evolving as 

well as the proton beam properties. Our preliminary thinking should become 

firmer in abou.t a year’s time. 

::: , 
CONCLUSIONS 

The LANSCE upgrade involved major changes to the ‘old’ WNR high-current ‘1’ “,’ 

target area. We are glad the enhancements of the target area shielding, 

and the installation of the unique split-target/flux-trap-moderator system 

(including upgrades to support systems) are behind us. The successful 

implementation of a liquid hydrogen moderator is particularly gratifying 

given the minimal resources we had to devote to the-effort. 

Initial indications are that the neutronic performance of the LANSCE TMRS 

is as expected. However, during the next few months, we will make detailed 

neutronic measurements of moderator performance, and compare the results 
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with calculations of the ‘as built’ LANSCE TMRS. We need a definitive 

measurement of the neutron leakage spectrum from the LANSCE hydrogen 

moderator to compare with our calculations. 
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TABLE I 

LANSCE MODERATOR CHARACTERISTICS 

Poison 

Moderator Type Material Width Height Thickness Depth Matbrial DbCOUplbr Liner 

(CM) (CM) (CM) (CM) -- 

high-resolution 
10 

H*O 
13.0 13.0 3.5 1.5 Cd B Boral 

high-intensity 
H20 

13.0 13.0 3.5 2.5 Gd Cd Cd 

high-intensity 
H2° 

13.0 13.0 4.0 2.5 Gd Cd Cd 

cold liquid H 13.0 13.0 5.0 ___ none Gd Cd 
2 



TABLE II 

GASEOUS ELEMENT qRODUCTION IN A.LANSCE 

DEPLETED URANIUM TARGET 

Element 

Amount.(g) 

Spallation Low-Energy Neutron Flux 

t=O t = 10 yr t=O t=lOyr 

; 

,’ 

He 1.04 -2 ' x 10 1.43 x'lo-2 1.21 x lo-5 2.69.; lO-4 

Cl 3.78 x lO-8 
,' 

0.0 0.0 " ,' b.0 

- 
Ar 4.41 x lo-4 " 4 3.85.x 10 0.0 0.0 (( 

Br 

Kr 

I 

Xe 

Rn 

7.60 x lO-2 7.58.x 1O-2 1.27 x lO-2 1.27 i.iO-2 "' 

3.75 x 10-l 3.73 x 10-l 2.47 x 10-l '2.39 i 10-l 

3.85 x 0-l 3.83 x 10-l 1.88 x 10-l 1.75 x 10-l 

1.00 x loo 1.01 x loo 3.11 x loo 3.11 x loo 

‘? 3.35 x lo-5 1.12 x lo-8 2.34 x lo-l5 4.45 x lo-l4 

Total 1.85 1.86 3.56 3.54 
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TABLE III 

SPECIAL GASEOUS NUCLIDE PRODUCTION 

IN A LANSCE DEPLETED URANIUM TARGET 

Amount (g) 

Spallation Low-Energy Neutron Flux 

Nuclide t =o t = 10 yr t =o t = 10 yr 

85Kr 2.52 x 1O-2 1.32 x 1O-2 1.60 x 10 -2 8.41 x 1O-3 

85mKr 3.78 x 1O-5 0.0 6.02 x 1O-5 0.0 

"Sr 1.07 x 10-l 8.36 x 1O-2 3.55 x 10-l 2.77 x 10-l 

131I 4.88 x 1O-3 0.0 1.52 x 1O-2 0.0 

133Xe 3.62 x 1O-3 0.0 2.01 x 1o-2 0.0 

137Cs 1.21 x 10-l 9.62 x 10-l 9.03 x 10-l 7.17 x 10-l 
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WHITE 
SOURCE 

Fig. 1. General layout of the LANSCE/WNR complex. The new Neutron 
Scattering Experimental Hall, under construction in 1987, will 
surround the present LANSCE experimental hall (shown in the 
foreground) and willsgreatly enhance the LANSCE experimental area. 
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Fig. 2. Plan view of the LANSCE moderator and flight path arrangement. 
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Fig. 3. Illustration of the LANSCE target system consisting of a split- 
target, an inner beryllium/nickel reflector region, and an outer 
nickel reflector/shield. Three water moderators and a liquid 
hydrogen moderator are in flux-trap geometry between the two 
tungsten targets. The system is one meter in diameter and one 
meter high. 
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Fig. 4. Expanded plan view schematic of the LANSCE target/moderator 
arrangement. 

The liquid hydrogen moderator is depicted on the 

right side. 
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Fig. 5. Forward shield being lowered in place. The shield is shaped to 
fit the concave LANSCE target cavity and has a tubular support and 
centering ring. 
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. 
Fig. 6. Iron shielding as installed in the LANSCE target cavity. The 

forward stainless steel shield is visible at the bottom. Cooling 
and purge lines extend to the top of the shielding through offset 
holes in the shield elements. 
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Fig. 7. Inner portion of the LANSCE TMRS showing neutron flight windows iri 
the upper section. 
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Fig. 8. Disassembled LANSCE target pressure vessel and targets, showing 
the spiral guides for target cooling. 
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Fig. 9. Assembled LANSCE target with beryllium jackets installed. 
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Fig. 10. Intercomparison of LANSCE and ISIS targets overall target 
designs, and the different cooling approaches. Note the two solid 
LANSCE tungsten target elements compared to the multiply segmented 
ISIS depleted uranium target plates. 
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Fig. 11. Disassembled LANSCE light water moderator, showing the gadolinium 
poison insert behind the output face. An assembled moderator, 
with the beryllium reflector block, is shown in the background. 
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g. 12. Assembled LANSCE water moderators with beryllium reflector blocks, 
nickel reflector/shield blocks, a cadmium decoupler, and the 
assembled target (with berylli!Jrfl jackets removed). 
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Fig. 13. LANSCE liquid hydrogen moderator with vacuum jacket removed. 
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Fig. 14. Schematic of LANSCE (chilled) water moderator cooling system. 



Fig. 15. Simplified schematic diagram of the LANSCE target/reflector 
cooling system. 
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A beryllium reflector was used; 
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Fig. 26. Calculated neutron intensities and pulse widths for a 100% para- 
hydrogen cold source. The 5 by 13 by 13 cm slab moderator was in 
flux-trap geometry. 
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Fig. 27. Calculated neutron intensities and pulse widths for a 25% para- 
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moderator was in flux-trap geometry. 
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ICRNS IX 

22-26 September, 1986 

ACTIVATION OF THE HEAVY WATER COOLANT OF THE ISIS TARGET 

G H Eaton, T A.Broome and M J Bly 

Rutherford Appleton Laboratory 

1. InftiddtictiGti 
I 

During operation the D20 coolant of the target becomes highly active. The 

production rates of radionuclides from interactions in the water have been 

calculated by Atchison [ 1 ] using the HETC Monte Carlo package [2]. These 

priduction rates have been used to calculate the buildup and decay of 

activity, and associated radiation levels using a simple model of the 

water circuit. 

Measurements of the short lived components have been made with a high 

resolution gamma detector and the results are compared with the 

predictions. 

2. Activation’.Calculation 

The production rates of the radionuclides from [ll, together with mean 

lifetimes and decay modes, are shown in Table 1. 

The specific activity, 9, of an individual nuclide in the target cooling 

water is given by 

-T/X 

ccr 
= o6 (1 - eeti’ ‘) eetc:t (I - e ) 

V (1 - e cl x 1 

where a0 is the production rate 

V is the volume of water 

ti is the time for volume 

in the target 

V of water to pass through the target 
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X is the 

T is the 

T, is the 

mean lifetime 

time from startup of the proton beam 

circulation time for the water around the circuit 

These quantities are illustrated on the schematic diagram of the water 

circuit in Figure 1. 

The specific activities in the target coolant for various irradiation and 

decay times are shown in Table 2. 

3. Radiation 'LevelsArounKthe Cooling-.Plant 

The water cooling system comprising pipes, pumps, filters, heat exchanges 

etc, are mounted on one of the trolleys in the Target Station services 

area (see Figures 2 and 4). 

To-estimate the radiation levels in this area from the active target, 

moderator and reflector water circuits the pipes were treated as 

gamma sources and the dose rate at 1 m from each pipe was calculated. 

For a 200 d beam of 800 MeV protons this procedure predicts a dose 

of 1 Sv/h on the trolley. 

line 

rate 

' The main contribution to the dose is from the 8t emitters which are 

relatively short lived. The decay of the dose rate is shown in Figure 3 

and after about 3 hours the level becomes fairly constant and is dominated 

by 'Be.' Ion exchange columns in the circuit collect all the 'Be and on 

this basis it was predicted that entry to the services area for work on 

the water plant would be possible after about 3 hours when the dose rate 

would be less than 100 uSv/h. At the present rr 10% intensity a cooldown 

period of about 30 min has been found to be necessary before entry. This 

is somewhat shorter than calculated and the faster fall off of the dose 

rate is probably a result of the ion exchange columns collecting some of 

the 

The 

lm 

shorter lived activity in addition to the 'Be. 

high radiation levels around the plant require substantial shielding, 

of concrete, and the 6 MeV gammas from 16 N dominate this requirement. 
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4. 
_.. 

Measurements of Water Activation 

A Lithium drifted Germanium detector is installed outside the Services 

Area viewing a 

circuit through 

shown in Figure 

delay reservoir on a bleed line in the target cooling 

a 

4 

hole in the shielding. The position of this detector is 

and schematic detail in Figure 5. 

The primary purpose of .this device is to act as an on-line fission product 

monitor to detect any failure of the zircalloy cladding on the uranium 

target discs. The principle of the method is to detect gammas from 

fission products, for example g5Nb, g7Nb, 1321, 124Sb, which have energies 

in a region of relatively low background from the normal activity of the 

water. Calculations [3] indicate that a failure of the cladding will be 

detected within a few minutes. 

Much work needs to be done in commissioning and evaluating this equipment. 

The' water activity measurements described below whilst interesting in 

their own right are a crucial step in establishing the background counting 

rate environment in which fission product activity needs to be detected. 

4.1 Long.lived activity in the ion exchange resin 

Samples of the ion exchange resin from the target cooling circuit 

after 2 months decay time were placed 20 cm from the shielded GeLi 

detector and the gamma spectra measured. The dominant nuclide present 

was 7Be and small concentrations (relative to 7Be) of other nuclides 

were identified which are listed below together with the likely 

production mechanism. 

Nuclide Half life Probable target nucleus 

Na 22 2.6 y Many possibilities 

SC 46 84 d 

Mn 54 312 d 

Co 56 79 d Stainless Steel 

Co 58 71 d 

Co 60 5.3 y 
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Nucl ide Half life Probable target nucleus 

Zn 65 

Se 75 

Rb 83 

Sr 85 

Y 88 

Zr 88 

Zr 99 

Nb 95 

Ag 1lOM 

244 d 

120 d 

86 d 

65 d 

107 d 

a5 d 

66 d 

35 d 

233 d 

Zircalloy Cladding 1 
&c Silver plated seals 

Note that the presence of g5Nb as a spallation product makes the use 

of this nuclide problematic for the fission product monitor. 

The nuclides detected are much as expected and provide very useful 

. information for the backgrounds to be expected for fission product _ 

detection. 

4.2 Short lived activity in the cooling water 

The decay of the intensity of the 511 keV annihilation gammas from the 

8+ emitters was measured as a function of time after beam turn off. 

The decay curve is shown in Figure 6. 

The relative contributions of 150, 13N and I40 were calculated by 

fitting the decay curve with three exponential functions. Figure 5 

shows the relative contribution together with the theore tical 

prediction. Bearing in mind the detail being required of the Monte 

Carlo program the agreement in relative contributions is excellent. 

“C was predicted at a rate of 13% of 150. This was not evident in 

the measurements and the discrepancy may well be due to a partial or 

complete removal of “C by the ion exchange column. 

5. Conclusion 

The detection system has performed well and initial operating experience 

gives confidence that it will provide the required rapid detection of 

cladding failure in the target. 
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The agreement between detailed Monte Carlo calculations of activity and 

measurements is good. 
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Nuclide Mean Life Production Rate Decay Mode Gamma 
nuclei/proton (branching Energy Mev 

ratio)* (Branching Ratio) 

'OF 158.29m 1.06 x IO-' 
+ 

17N 6.02s 5 .oo x IO-5 i-(0.05) 0.87 (0.03) 

16-s 10.29s 1.60 X-IO-~ 
B:n(0.95) 

I50 176.15s 1.00 x lo-2 

15c 1o-5 
2 

6.13 (0.69) 

3.53s 7.70 x 5.30 
14 

(0.68) 
0 101..84s 3.20 x 1O-4 !+ 2.31 

14 
(0.99) 

C 8267~ 1.20x 1o-3 
13N 14.37m 2.60x 1O-3 

8s 

I'C 29.4Om 1.10x 1o-3 ;+ 
"Be 19.92s 1.10x lo-" B-(0.97) 2.13 

8-cr(o.o3) 
(0.33) 

4.67 (0.02 
5.85 (0.02) 
6.79 (0.04) 

'OC 
7.97 (0.02) 

27.63s 2.20x lo-' 
+' 

"Be 2.31~10~~ 1.00x 1o-4 ;- 
0.718(0.99) 

'Be 76,88d 1.70x 1o-3 
3H 1.00x 1o-2 

ES 0.478 (o.loxj 
17.51y B 

(* Branching ration 1.0 unless shown in brackets). 

Table 1. Production rates and decay modes of radionuclides 
produced in the Target Coolant. 
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ii 

1s 

18F 7.463+06 
17N 3.753+09 
16N 2.46E+ll 
150 3.54Etll 
15c 9.043+08 
140 1.86EtlO 
14c 3.08E+Ol 
13N 1.99E+lO 
11c 4.14Et09 
1lBe 1.65EtlO 
1oc 3.28EtlO 
1OBe 9.16D-03 
7Be 1.71Et06 
3H l.l9E+05 

Totals 8.983+11 

60s 

4.46Et08 
2.45EtlO 
2.65Et12 
1.80Et13 
3.68EtO9 
8.45Etll 
1.85Et03 
l.l5E+12 
2.44Etll 
3.60E+ll 
6.17Etll 
5.51E-01 
1.03Et06 
7.14E+06 

2.413+13 

rradiation / t imes 

lh 

2.23E+lO 
2.45EtlO 
2,65E+12 
6.253+13 
3.663+09 
1.90Et12 
‘1. llEt05 
1.693+13 
6.36Et12 
3.78Etll 
9.23Etll 
3.31E+Ol 
6.17Et09 
4.293+08 

7.08EtlO 
2.45EtlO 
2.65Et12 
6.253+13 
3.86Et09 
1.90Et12 
2.66Et06 
1.723+13 
7.313+12 
3.78Etll 
9.23Etll 
7.94Et02 
1.47E+ll 
1.03EtlO 

9.16Et13 9.303+13 

Id 7d 

7.08E+lO 
2.453+10 
2.653+12 
6.25Et13 
3.66E+09 
1.90E+12 
1.66E+07 
1.72E+13 
7.31E+12 
3.78E+ll 
9.23E+ll 
5.56Et03 
9.91Etll 
7.20E+lO 

9.39Et13 

00 

7.08E+lO 
2.45E+lO 
2.65Etl2 
6.25Et13 
3.66E+09 
1.90E+12 
6.03E+12 
1.723+13 
7.313+12 
3.783+11 
9.23E+ll 
6.69E+ll 
1.14Et13 
6.69E+13 

1.80Et14 

Table 2a. Build-up of specific activity of target plate coolant Bq me3. 

The decay of activity, from its saturation value, after beam has been switched 

off,, is shown below. 

Cool ing times 1 
18F 
17N 
16N 
150 
15c 
140 
14c 
13N 
11c 
1lBe 
1oc 
1OBe 
7Be 
3H 

Totals 1.56Et14 

lm 

7.04EtlO 
1.15Et06 
7.79Et09 
4.44Et13 
1.52Et02 
1.05Et12 
8.03Et12 
1.6OEt13 
7.07Et12 
l.BSE+lo 
1.05Et11 
6.693+11 
1.14Et13 
6.69Et13 

5m 

6.86EtlO 

k%E-01 
l.l4E+13 
0.0 
9.98E+lO 
8 r03E+12 
1.21Et13 
6.17Et12 
1.09Et05 
1.78EtO7 
6.69Etll 
1.14Et13 
6.69E+13 

1.17Et14 

lh 

4.85Etlb 
0.0 
0.0 
8.31Et04 
0.0 
0.44E-04 
8.03E+12 
2.64Etll 
9.50E+ll 

:.x 
6:69E+ll 
1.14Et13 
6.69Et13 

8.82Et13 

8h 

3.41E+09 
0.0 
0.0 
0.0 

8:X 
8.03E+12 
5.34E-02 
5.93E+05 

:*x 
6:693+11 
1.13Et13 
6.69E+13 

8.69Etl3 

Id 7d 

7.933+06 
0.0 
0.0 

k8 
0.0 
8.033+12 
0.0 

x*: 
0:o 
6.69Etll 
1.12Et13 
6.69E+13 

8.X 
0:o 
0.0 

8-i 
8:03E+12 
0.0 

8.: 
0:o 
6.69E+ll 
l.O4E+13 
6.683+13 

8.68E+13 
_ 

8.59E+13 

Table 2b. Decay of specific activity target plate coolant Bq m-j. 
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Figure 1. Schematic diagram of the target cooling circuit. 
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THERMOFLUID DYNAMICS OF THE SINQ TARGET 

- A Natural Circulation Loop as a Target - 

Y .Takeda 

Swiss Institute for Nuclear Research 

5234 Villigen Switzerland 

1. Introduction 

The target of the spallation neutron source at SIN (SINQ) is a 
liquid lead bismuth eutectic (LBE) in a vertical cylindrical 
container with the proton beam entering from below. The 
thermofluid behaviour of the liquid LBE was investigated based 
on the natural convection in an enclosure. It has been shown that 
the natural convection mechanism is effective for transporting 
energy deposited at the bottom to the heat exchanger located at 
the top of the target [l]. 

However, simulation experiments with water showed some 
instabilities in the total flow. The corresponding bifurcation 
and axial asymmetry lead to a swaying motion of the rising flow. 
These would result in difficulties of monitoring the thermofluid 
behaviour and reduce the controlability of the target. 

Therefore, the system was modified by introducing a guide tube, 
which is a simple coaxial tube, into the container. This new 
concept leads to advantages, described in the following points; 

1) 

2) 

3) 

The flow configuration is converted from pure natural 
convection in a simple enclosure to a natural circulation 
loop. This simplifies the prediction of overall behaviour of 
the system. 
A higher flow rate of the target liquid can be expected. 
Hence the maximum temperature will be lower and the transient 
shortened. Furthermore, the effect of local flow disturbances 
might become smaller. 
Since the cooled liquid is guided right down to the bottom of 
the target, increased cooling of the window by.target liquid 
will result. 
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In this paper are presented the results of the analysis on the 
‘thermofluid characteristics of the target system with guide 
tube, based on the one dimensional natural circulation loop [2]. 
This analysis is compared with the NACOSPANS experiments. 

2. Analytical 

2.1 Analytical method 

The calculational model is illustrated in Fig.1. The loop consists 
of two long vertical legs of the same diameter as the guide tube 
and of the height of the target. One leg corresponds to the inner 
flow channel of the guide tube and the other to the outer. An 
internally heated region is located at the bottom of one leg and 
the heat exchanger at the top of the other. The heat exchanger is 
simulated by a volumetric heat sink. By assuming a constant flow 
area over the loop and by neglecting the effects arising from turns 
at the both ends, the problem becomes one dimensional. Details of 
the derivation of the equations and solutions are described in [3]. 

The governing equations in nondimensional form are ; 

(1) XY8-t + w(XWaZ) = a/(2DL2)8*Q/aZ2 + q’ 

where q’= 1 : 0 <Z<6 
0 : 6 < z < l/2 

-8 : l/2 < z < 1/2+y 
0 : 1/2+y < z < 1 

(2) dw/d?: = -Uw*/d t QgR/2D3L 0 dZ 
Jo 

In the above equations, the Bousinesque approximation has been 
used. The momentum equation has been integrated over the loop to 
eliminate the static pressure. 

The normalized variables are as follows : 

(3) 8 = (T-Ts)D/Q 
T = tVs/2L 
w = v/vs 
z = z/2L 
S = h/2L 
y = 1/2L 

where Vs (= 2DL) is the characteristic velocity. 

X is the friction coefficient in a smooth tube and given by : 

(4) X = 64/Re 
X = 0.3164/Re114 

: Re<2000 (Laminar) 
: Re>2000 (Turbulent) 
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A closed form solution for the steady state can be obtained when .., 
axial heat conduction in Eq.(l) is neglected. They are : ‘, 

(5) 0 = z/w + Cl = Z/w + &exp(-y/w)/w[l-exp(-y/w)] 

: 0 <Z<6 

c2 = 6/w[ 1-exp(-y/w)] : 6 < z < l/2 

C3exp(-Z/w) = 6exp(-Z/w)/wexp(-1/2w)[l-exp(-y/w)] 

: l/2 < z < 1/2+y 

c4 = Gexp(-r/w)/w[ 1-exp(,r/w) 1 : 1/2+y < z < 1 

Fig.2 illustrates the temperature distribution given by (5). 

Substituting these temperature results into Eq.(2), one obtains 

(6) -Uw2/d = 
QgR/2D3L( 6( l-6)/2w - 6 + &yexp(-y/w)/w[l-exp(-y/w)]) 

A steady state velocity value can be obtained by solving this 
nonlinear equation. 

2.2 Analytical Results 

Extreme examples can be examined. If y/w<l, the following 
relationship is obtained for the steady state velocity ; 

(7) W3 --> QgR&(l-y)/4D3L ; v --> Q1’3 

Therefore, the steady state velocity is proportional to the cube 
root of beam power. The maximum temperature-is 

(8) Qmax = C2 --> 6/y ; Tmax --> Qh/DL 

It is linearly proportional to the input power 
D and L. 
The temperature difference is 

but inversely to 

(9) Amax = C2 - C4 --> Q-II3 ; ATmax --> Q2’3 

This agrees with the results in [4]. 

A volumetric heat sink rate is obtained from the heat exchanger 
characteristics based on the total amount of heat transfer. 

(10) UST/pCpV = DT 

where U is an average overall heat transfer coefficient, S the 
total heat transfer area, p the density of LBE, Cp the 
specific heat of LBE, V the volume ,Df the shell of the heat 
exchanger. Then, D can be estimated from 

(11) D = 2Urn/pCpRb2 
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where r is the radius of the heat exchanger tube, n the number df 
tubes, Rb the radius of the loop. 

For the representative numerical values of the real target, U=O.l 
W/cm*K, r=1.5 cm, Rb=5.5 cm, n=30, ~~10.5 g/cm3, Cp=O.15 
Wsec/gK, 

D = 0.19 /sec. 

The solution of Eq.(6) is shown in Fig.3 with dimensions of 
L=350 cm, h=30 cm, 1=200 cm. The maximum temperature was 
calculated like C2 (Eq.5) with the corresponding velocity values 
(Fig.3). It shows the l/3 power law for velocity variation as 
Eq.(7) and a linear proportionality for the maximum temperature 
as Eqs.(7) and (8) with respect to the input power. 

2.3 Numerical Calculations 

2.3.1 Simple tube loop 

Equations (1) and (2) were solved numerically in order to study 
the time dependent behaviour of the loop and the effect of axial 
heat conduction. Details of the numerical methods and most of the 
results on the time dependent temperature distributions are given 
in [3]. 

The effect of input power on the maximum temperature and velocity 
is shown in Fig.4. The maximum temperature depends roughly 
linearly on the input power and the velocity shows approximately 
cubic root of the input power. This agrees with the simplified 
prediction. However, the velocity value is smaller by factor 2. 
This is due to the effect of the axial heat conduction. 

Fig.5 shows the effect of the volumetric heat sink rate D on the 
maximum temperature and velocity. The velocity is only slightly 
affected by D. However, Tmax decreases inversely with increasing 
D, which also agrees with Formula (8). 

2.3.2 The effect of pressure loss at the bottom turn 

One might expect that the pressure drop from the U turn bend at 
the bottom of the target will have’a large effect on the flow. 
In order to investigate this, the governing equation (2) was 
slightly modified as : 

(12) 
r1 

dw/dr = -(K+2AL/d)w2/2 + 2QgR/D3L 0 dZ 
Jo 

where K is an empirical coefficient of the pressure loss produced 
by geometry variations such as sudden enlargement, contraction, 
bends and turning bend [5]. For the present case, it is taken as 
2.86. This value is a few times larger than that for the smooth 
tube pressure loss (the second term in the parentheses) for the 
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dimensions of real target. 
Similar behaviour of the time variation of the maximum temperature 
and velocity was obtained [3]. However, the stationary value of the 
velocity is lower, which results in a higher maximum temperature 
at the steady state. For the case of a representative SINQ-target,, 
at 1MW power input and compared with the results without turning ” 
loss, the velocity is reduced by about 44 cm/set and the 
temperature increased by about 11 OC, . 

3 Water Experiments (NACOSPANS) 

NACOSPANS is a test rig for water flow experiments in a 2m high ; 
cylinder. The apparatus is described in [6]. Flow visualization 
was made by using ink as a tracer. Movie films were taken for two 
different input powers of 500 and 800 W. By analysing those films, 
stationary velocity values were obtained which are plotted in 
Fig.6. A good agreement is obtained, although those values are 
slightly lower than predictions. 

4. Conclusion 

The thermal and fluid dynamic characteristics of the’SI.NQ-target 
have been investigated analytically and numerically. The Model 
used is based on a natural circulation loop with uniform heat 
deposition at the bottom and a volumetric heat sink for the heat 
exchanger at the top. The analytical method is supported by the 
water experiments. The following conclusions are drawn. 

1) 

2) 

3) 

4) 

5) 

The steady state velocity is proportional to cubic root of the 
beam power, and the maximum temperature is linearly 
proportional to the input power. Both analytical and numerical 
calculations show the same behaviour. 
The effect of the axial heat conduction on the steady state 
velocity is large. For a representative SINQ-target a factor of 
2 reduction is obtained. ,. 

The flow is well established with higher velocity level. For a 
representative SINQ-target it is approximately 160 cm/set. 
The maximum temperature increase at the steady state is about 
206 OC. Hence the maximum temperatures will be below 400 OC and 
therefore below a level where fast corrosion effects might occur. 
The effect of the pressure loss due to the U turn bend at the 
bottom of the loop shows a large effect. 
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Nomenclature 

D : 

f : . 

1 I 
L : 

: 
;,Q : 
Re : 

: 
I : 
Ts : 
v,v : 
vs : 
w : 
z,z : 

: 
ii : 
x : 
v : 

P : 
: 

i : 

Volumetric heat sink rate 
Gravity 
Height of the heated region 
Length of the heat exchanger 
Target height 
Pressure 
Uniform Volumetric heat deposition 
Reynolds number 
Time 
Temperature 
Initial temperature 
Velocity 
Characteristic velocity 
Dimensionless velocity 
Space coordinate 

Thermal diffusivity 
Thermal expansion coefficient 
Pressure loss friction coefficient 
Dynamic viscosity 
Density 
Dimensionless time 
Dimensionless temperature 
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22-26 September, 1986 

SUMMARY OF SESSION ON 
MODERATORS. 

J.M. CARPENTER & G.J. RUSSELL 

The afternoon of Tuesday was devoted to reports and discussion about 
moderators. We had five reports: one concerning the “Burping” of cold 
solid methane; another report on the operation of the LANSCE liquid 
hydrogen moderator system; another report on the operation of the ISIS 
cryogenic moderators; another concerning the way moderators deteriorate 
in performance under irradiation and another report in general about the 
LANSCE moderators. 

Everyone seems to have troubles starting up these systems: we build 
them; we evacuate them; they are warm and we try to cool them off and fill _ 

them up with whatever liquid. Well, there’s trouble. The general question 
that needs to be resolved is that of the stability of these (flowing) liquid 
methane and liquid hydrogen moderator systems. We need better under- 
standing of how to control these systems, especially during the filling stage 
which requires of the order of 4 to 8 hours. It sometimes requires an expe- 
rienced driver to coax the system from where it begins to where we want it 
to go. 

Other questions, which we didn’t discuss too much, are: how stable is 
the temperature of these moderators ? How can we control the temperature 
of these moderators? Maybe we don’t need to do anything. Some of the 
instrument people on the neutron beams say, “I want the moderator tem- 
perature to be held within O.lK”, just so they don’t have to worry about it! 
No one that I’m aware of, keeps the moderator temperatures within O.lK! 

The following principal points were made in a discussion on the 
question of moderator temperature stability: 
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l The change of temperature causes a shift of the Maxwellian 

and hence changes the spectrum shape. 

l Spectrum shifts between fills of the methane modera.tor 

have been observed at ISIS, even though they go back to 

the same nominal temperature. This effect is not yet un- 

derstood. It is not certain if this effect occurs also with hy- 

drogen moderators, because only the type of instruments 

that look at methane modera.tors seem sensitive to the ef- 
fect. 

l The procedures to deal with these spectral shifts are be- 
lieved to be straightforward; normalise everything to the 

monitor spectrum before you process the da.ta, a.lthough it 

is not quite as straightforward as first appears because the 

monitor is not a.t the same position as the detector (rescale 

a.ccording to wa.velength to make these corrections). There 

are also other problems (to match up resolution broadened 

Bragg edges, etc). Apart from being an extra thing to do, 

it also makes it substantially more complicated to do a 1% 

experiment. 

0 If the spectral temperature becomes unstable, it is possible 

to recover da.ta. 111 the case of liquid hydrogen there is a 
much more severe thing tht can happen; the pulse shape 

(distribution in time of neutrons of a given energy) may 

well change significantly if the ortho- to para-hydrogen ra- 

tio changes. T1 lere would seem to be no way of directly 
monitoring the ortho to para ratio, hence it is difficult to 
see how to have any ratio other than the stable value a.t a 

given temperature. The pulse shape change causes the res- 

olution to change (probably at the “factor of two” level). 

One could probahIy monitor it with a qvstal a.nal,vser a.nd 

even though in principle one could recover the data, prob- 

ably e,xperimenters would just say. the source is no longer 

stable and wait until it’s fixed. 
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In these respects, I suppose, we are simply not serving the instrument 

people according to what they would like, but then they are probably mak- 
ing excessive requests - just now we are ignoring them! They (the users) 
more or less get along. Eventually we are going to have to accommodate 
them and provide some control. 

There is the question of the temperature instability of solid methane 

that takes place upon intense irradiation at low temperatures (similar ques- 

tions probably arise in cold DZO ice systems). Although we are coming to 
understand these phenomena, there is a great deal more to learn. Certainly 

an unresolved issue. 

We have several liquid methane systems operating but these are all more 

or less low power; so as ISIS comes up, we will be watching to see what 
happens to the liquid methane systems when they have to withstand higher 
dose-rates and higher power densities. Just now, the systems at IPNS and 
ISIS behave rather acceptably, but it remains to be seen how things behave 
at higher power densities. 

There were several issues resolved in our discussions. We found out 

how room temperature polyethylene and solid methane deteriorates under 
irradiation. Probably a result of all ‘that is that in higher power sources 

we won’t use polyethylene ever again, just water. Solid methane is so 

attractive, that we will continue to use it; from what we know about how 
rapidly it deteriorates, we can determine a schedule for replacing it. The 
“Burping” phenomenon is approximately understood, although the thing 

is not quantified, worked out and controlled. We have operating liquid 

methane and hydrogen systems, so that we know that these are satisfactory 

at the present low powers. So we can count as a resolved issue, whether or 

not we can build and successfully operate these at low powers. 
A wild idea surfaced: if we cannot use solid methane at 20K and if hy- 

drogen has such a squirrely scattering kernel that you get a funny spectrum 
and you would like to do better than that, then how about combining these 
two in some fashion like circulating a slurry of solid methane suspended 
(although it doesn’t float) in liquid hydrogen. I’m afraid that I must take 

the blame for this wild suggestion! 

Gary Russell has agreed to talk a little bit about, the next, issue, so I’ll 

just treat, this very briefly. There’s a body of data on spectra and pulse- 

widths as functions of temperature and poisoning etc. for polyethylene 
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and (liquid) water. The same is true for liquid met,hane. Furt,hermore, we 

have reasonably good scat,tering kernels and calculational methods which 

are now bench-marked for water/polyethylene and liquid methane. Liquid 

hydrogen is the apparent. inheritor of the role as coldest, moderator in high- 

power systems and yet we don’t, yet have a body of data describing liquid 

hydrogen, and we need it if we are going to design good moderators. So 
one of the important. issues bhat arose in our discussion was the need for a 
bett,er understanding and a design basis for liquid hydrogen systems (this 
includes para- and ortho-hydrogen and t,heir mixtures). We need scat,tering 

kernels, benchmark calculations and experiments. 

Wilat ‘s actually needed for these hydrogen kernels to do a good 

job on tdermalisation, is an energy transfer range down to a 
fraction of an meV and up to several hundreds or thousands 
of meV (wllere tile kernel becomes independent of tile cllemicai 
state). 

Gary Russell: B asically, t,here are three ways of doing neu- 

tronic design calculations for complex spallation neutron source systems: 

a) deterministic t.ransport* met.hods, h) Monte C!arlo t8ec.hniques and c) Wal- 

ter Fischer’s handmade physics. A simplistic view of t.hese different, ap- 
proaches is as follows: 

l Deterministic t,ransport* methods generally provide “exact solutions” 
to approximations of t.he Boltzmann transport equation. Comput- 
ing errors are systematic, and, aside from uIlcertainit,ies in the cross 
section data, arise not only from the discretization of the time-space- 
angle-energy phase space for numerical computations but also from 

bhe fact. that, wit.11 rare exceptions, full represent,ations of three- 

dimensional configurat,ions cannot, be done. One might. paraphrase 

t.he deterministic t,ransport. approach as potent,ially giving the right. 
answer to the wrong problem. 

l Monte Carlo t,echniques are used to solve t.he Boltxmann equa.tion cli- 

rect,ly. Wit.11 this method, one can study very complex three-dimensional 

configurations, and the cont.inuous t.reat,ment. of energy, space, and an- 
gle makes discret.izat.ion errors in Mont.e Carlo calculations t.ake t.he 
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form of stochastic uncertainties; however, one has to careful that, all 
relevant parts of phase space have been properly sampled. and that 

the problem has converged. In Monte Carlo, two approaches are gen- 
erally utilized: a) non-analog Monte Carlo, where variance reduction 
techniques are employed to reduce running time and variance in the 
problem answer, and b) analog Monte Carlo, which involves a direct 
computer simulation of physical laws. One may loosely describe the 

Monte Carlo technique as possibly giving the wrong answer to the 
right, problem. 

l Walter Fischer’s handmade physics employs one’s gut feelings and 
uses simplified approaches to elicit answers to problems. This strategy 

is perhaps the most gratifying of all. However, it has been my expe- 

rience for complex spallation neutron source designs, that intuition 

can only carry you so far. A good example of this is the LANSCE 

split-target, flux-trap-moderator target system. 

In all cases, the bottom line is that neutronic calculations for complex 
spallation neutron source design are intricate, and care needs to be taken 
to assure the answers are believable. 

As mentioned above, using the Monte Carlo approach, one can mock- 
up complex geometries quite well, but the physics must also be right. The 
physics comes in via the cross sections, used; a weak link at low energies is 

the availability and adequacy of scattering kernels. This is particularly true 

for liquid hydrogen where more work most certainly is required. Hydrogen 

is further complicated by the necessity of proper accounting of ortho- and 
para-hydrogen effects. .‘. 

The issue of liquid hydrogen scattering kernels came up in the target 

and moderator session when I was going through some details as to how 
the LANSCE moderator sizes were chosen, In the LANSCE cold moderator 
studies, I used a hydrogen kernel gotten from our Jiilich collaborators, who, 

in turn, obtained the kernel from A. R.obert of ILL. I cannot, comment, in 

detail on the physics of the kernel except for the following general remarks: 

a) the Young and Koppel formalism for molecular hydrogen gas is used, and 
b) the kernel should be applicable to liquid hydrogen for neutron energies 
above ‘7 meV. This latter restriction is not too comforting, but. the severity 
of the implication depends on how important “liquid effects” are below 
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7 meV in a practical application. Nevertheless, that is all I had available, 

and I used it in the LANSCE liquid hydrogen moderator design. 

To checkout my calculational procedure for the LANSCE target, sys- 

tem, I did a sequence of comput.ations where I varied the thickness of the 

liquid hydrogen moderator, and another series were I changed the moder- 

ator ortho/para composition. My result,s agreed qualit.at.ively wit.11 similar 

calculations performed by Ralph Neef of Jiilich. These latter were done 

to opt’imiee a liquid hydrogen moderat.or for the DID0 reactor in Jiilich; 

the same hydrogen kernel was used in bot8h calculations. Since the t.wo 

computations were done for radically different geometries, t,he qualit.at.ive 
agreement gave me confidence in my calculat,ional approach. My conclu- 
sions were similar to theirs, and we c.hose the LANSCE hydrogen moderator 
thickness to be rj cm. Without, regard to neubron pulse width questions, 

my choice of moderator thickness was based on the following: a) do not, 
sacrifice the integrated (E <lO meV) cold neutron intensity, b) keep energy 
deposition in t.he moderator as low as possible, c) more-or-less minimize 
t,he effects of differing para-hydrogen concentrations on the integrated cold 

neutron intensity. 
A more st,ringent test of the adequacy of the hydrogen kernel comes 

about’ when comparing measured neut,ron leakage spectra from a moderator 

with calculated predictions. Spectra from liquid hydrogen moderators have 

been measured at ISIS and LANSCE. The ISIS result, was obtained’during 

a commissioning run in December of 1984. Phil Seeger rec.ently measured a 
spectrum at. LANSCE, and showed the results at. this meeting. A common 

characteristic of t.hese two spectra is a conspicuous “bump” showing a rise 
in the neutron intensity in the lo-20 meV energy range. This effect is 

generally attributed to the rise in the para-hydrogen cross sec.tion which 
also occurs in that general energy realm. In the target and moderator 
session, Andrew Taylor noted t,hat at, the RAL they were unsuccessful in 
calculating the det,ails of t,he observed spec.trum, and knew of no scatt.ering 
kernel which reproduced t.he observed “bump”. It, wa.s a general consensus 
t,hat, the st,at,e-of-affairs of kernels for liquid hydrogen was precarious. 

Last, evening, I did an “eyeball” comparison between my preliminary cal- 

culation of t,he neut,ron spectrum leaking from t.he LANSCE liquid hyclrogen 

moderat,or and Phil Seeger’s measurement.. I get, agreement. of order 25(X1 
for integrals of t.he dat.a from lo-50 meV and l>elow 10 meV. I a.lso plotted 
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my calculated spectrum on the figure Giinter Bauer showed when reporting 
ISIS moderator performance. My calculated spectrum differs significantly 
from the spectrum in Giinter’s figure, and qualitatively has features similar 
to the ISIS measurement. We must and will be more definitive in these 
comparisons, and should also concern ourselves with the effects of ortho 
and para concentrations on neutron pulse widths. 

Liquid hydrogen moderators could prove to be very important in high- 
power spallation neutron source applications. We need reliable “tools” to 
design these moderators. I would ask those individuals who are working 
on an improved kernel formalism or those who are contemplating doing so 
to forge ahead. We need these new tools and better benchmark measure- 
ments (with which to compare) if we are to push spallation neutron source 
performance to the limit. 
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ANALYSIS OF THE BURPING BEHAVIOR 
OF TRR COLD SOLID MRTEANR HODRRATOR AT IPNS* 

J.M. Carpenter 
Intense Pulsed Neutron Source, 
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Intense Pulsed Neutron Source and 

Materials Science Division, 

Argonne National Laboratory, 
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and 

D.F.R. Mildner 
Research Reactor Facility and Department of Physics, 
University of Missouri, Columbia, Missouri 65211 USA 

ABSTRACT 

We report the results of analyses of the “burping” behavior of the cold 

solid methane moderator at the Intense Pulsed Neutron Source. This work 

follows one year’s successful and productive experience with the “Model I” 

moderator, which exhibited periodic llburps” (spontaneous rises of the methane 

temperature following irradiation) and developed a small but liveable methane 

leak. An earlier report [II described the design of this, moderator and 

summarized experience with it up to that time. The similarly-designed “Model 

II” moderator ran at a slightly lower temperature and burped only once, 

colossally, bursting to open a leak between the moderator container and the 

vacuum space. This occurred 2-3/4 hours after shutdown following two weeks of 

operation with a proton current of -14 VA. The also-similar “Model III” 

moderator installed in May, 1986, has also developed a leak like that,of 

Model I, despite pursuit of a program of purposely-induced burps. 

Examination of Model II revealed that a circumferential weld failed due to 

high internal pressure, such as would be caused by thermal expansion of solid 

methane or the release of Hydrogen gas upon spontaneous heating. This weld 

*Work supported by the U.S. Department of Energy 
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is the main object of our current attention, as we design a replacement. The 

present paper deals with the processes which lead to the burping behavior and 

outlines the analysis of some of the consequences. Our purpose is to 

determine conditions under which we can operate the system at the lowest 

possible temperature, avoiding the problems we have experienced to date. 

Previously we envisioned a great variety of prospective burp-causing 

processes’that so confused the ‘issue as to prevent the understanding of any 

one of them. Now it seems clear that some mechanism of radiation-damage 

energy accumulation and its release is the cause of the burps. We outline a 

simple theory purporting to describe the phenomenon, which is similar in form 

to that describing the well-known Wigner energy release in irradiated 

graphite. 

The moderators operated at different temperatures (14K for Model I, 9K 

for Model II, 12 K for Model III). These provide the lowest measured 

spectral temperatures of all cold neutron sources of which we are aware, thus 

producing higher fluxes of long wavelength neutrons and extending the 

epithermal range to lower energies. It now appears, however, that these low 

temperatures can put the moderators into an unstable regime of operation. On 

the other hand KENS has operated a similar solid methane cold moderator, 

which has exhibited no burps. The KENS system runs at a somewhat higher 

temperature (_ 20 K) than that at IPNS, and at lower (_x l/10 - l/2) dose 

rates. We show that higher temperatures allow moderators to be operated in a 

permanently stable regime. We suggest measurements that should be undertaken 

to quantify and test the results of the theory. 

Burp Data 

Figure 1 is the record of a typical burp of Model III, which was induced 

by changing the cooling conditions. The figure shows the temperature 

registered by the internal thermocouple and the refrigerator backpressure, an 

indirect measure of the heat load on the system. We interpret the irregular 

behavior of the temperature, and especially of the backpressure, to be 

indications of Hydrogen leakage into the insulating vacuum space (we have 

found Hydrogen to be the major component of a gas sample taken from the 

insulating space after a burp) which spoils the insulation and induces 

complex transients in the refrigerator. During the induced burp operation, 

there is first an initial slight decrease in temperature caused by expansion 

of the coolant already in the system when the coolant valve is throttled 

down, followed by an increase in temperature caused by the reduced coolant 
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1. A record of a typical burp of the IPNS ‘Vlodel IIIvt moderator. The upper 
line gives the temperature of the moderator, and the lower line records 
the helium backpressure in the refrigerator. 
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flow. However of greatest interest here is the sudden rise of temperature, 

which we interpret to be due to the release of stored energy. We relate this 

temperature rise to the released energy using the thermodynamic data below. 

Thermodynamic Data 

Figure 2 shows the total heat content Q(T) of the box as a function of 

temperature T, calculated from literature values of the specific heats and 

phase transition energies, assuming a uniform temperature throughout the 

moderator. The masses of aluminum and methane in the Model I moderator box 

are M Al = 692. gm. and MCH4 = 314. gm. (We also account for the presence of 

the 6% dense aluminum foam [l] in the box). 

Burp Data Analysis 

We have analyzed a series of burp data for Models I and III, noting the 

time intervals between each burp and the previous detected burp, and the 

maximum temperature reached by the internal thermocouple during the burp. 

Temperatures have been converted to energies using the thermodynamic data. 

Figure 3 shows the total energy Qreleased released, calculated from the 

starting temperature and the maximum temperature of each burp and plotted 

versus the time between burps, for Model I. Two sets of curves are drawn on 

Figure 3, each with the assumption that damage energy accumulates in 

proportion to the time since the last burp, an appropriate assumption on the 

basis of the simulations described later. The grand average of the Qreleased 

data gives a rate of damage energy accumulation of dQreleased/dt = 0.4 

kjoules per hour. The steepest line that can be drawn through the data of 

Figure 3 (and two others which seem to be offset by multiples of about 24 

hours) has .+ slope indicating dQreleased/dt = 0.7 kjoule per hour; these 

values bracket the possible values of the rate of accumulation of damage 

energy? 

0.4 kj/hr (0.11 w) < dQreleased /dt < 0.7 kjoule/hour (0.19 watts). 

These limits pertain to the proton current during those times, about 12 uA. 

Some of the scatter in the data would probably be eliminated if the abscissa 

were the total number of delivered protons rather than the irradation times; 

there may have been undetected burps between the recognized ones. 

We have one more burp datum, namely that for the disastrous burp of 

model II, which took place after two weeks operation at a proton current of 

about 14 uA. Taking dQ released/dt = 0.5 kjoule per hour for this period 

gives Q released 
= 168. kjoules. According to Figure 2, this amount of energy 
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3. The total energy deposited in the moderator box before the burp plotted 
against the time since the previous burp for the model I moderator. The 
maximum energy accumulation rate is about 0.7 kjoules/hour, and a 
minimum of 0.4 kjoules/hr, though other curves may be drawn assuming 24 
and 48 hour offsets caused by burps that took place but were not 
recorded. 
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.would melt the methane and vaporize some, with results that are consistent 

with what we observed. 

Damage Energy and Storage Mechanisms 

Radiation damage in aluminum and methane in the moderators of IPNS is 

presumably due mostly to fast neutrons. There has been considerable study of 

radiation damage in aluminum at low temperatures, partly as the object of the 

studies, and partly since aluminum is a common material for construction of 

irradiation cryostats. There, damage accumulates in the form of Frenkel 

pairs. For example, an aluminum cryostat irradiated at 6. K at Lawrence- 

Livermore Laboratory exhibited burps at an accumulated fast (14 MeV) neutron 

fluence of 2. x 1018 n/cm2 [2]. At IPNS the fast flux is about 5. x 10 12 

n/cm 2- set, so that we would’ reach this fluence in about 5 days. 

Aluminum 

About 22. joules/gm of damage energy accumulates in pure aluminum 

irradiated to saturation at 4. K, and the release of this energy would raise 

the temperature of aluminum to over 100 K [3]. If, on the other hand, this 

energy were distributed between the metal and the methane of the moderator, 

(the cooling time of the moderator, and therefore the time available for this 

distribution, is about 15. set), then the total energy would be about 15. 

kj oules . According to Figure 2 this would raise the temperature to about 36. 

K. This is somewhat smaller than the temperature reached in the observed 

burps of the Model I moderator, and much less than what is needed to explain 

the disastrous burp of Model II. However the damage energy of 22. joule/gm 

pertains to pure aluminum, while our moderator box is constructed of 6101 

alloy, in which the pinning of defects by impurities is expected to lead to 

the accumulation of a somewhat higher density of defects. 

To investigate the effect of damage energy accumulation in Aluminum, we 

irradiated the empty moderator container to a dose corresponding to 7. x 10 
18 

protons on target (about one day). Figure 4 shows the record of the 

subsequently induced temperature transient. Taking the temperature change 

from 21.4 to 43.2 K to represent a rise in the average temperature, this 

represents about 1.1 j/gm, roughly consistent with expectations. 

We conclude that radiation damage energy accumulation and release in 

aluminum may be one mechanism resp0ns.i ble for the burps, but only may and 

only one, since the rate of energy accumulation is somewhat too small to 

explain what we have observed in the small burps of Models I and III and the 
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titanic Model II burp in the methane-filled box. Although radiation damage 

in aluminum is only one of several possible mechanisms for energy storage in 

our moderators, it may be the triggering mechanism for release of the stored 

energy. 

Methane 

We know a great deal less about the details of radiation damage in 

methane than we know about radiation damage in aluminum, and this relates 

mostly to the chemical effects. However it is certain that the primary 

effect is the knocking off of protons from methane molecules, with the 

consequent formation of a diffuse damage cascade leaving behind protons, CH3+ 

or other fragments, and lattice deformation defects in the methane crystal 

lattice, each of which represents some stored energy. From chemical analyses 

of the products collected after several periods of irradiation of the solid 

methane moderator [l], we know that the long-term rate of conversion of 

methane to H2 is about 5.4 mole % H2 per week relative to CH4. (Since the 

mobilities of various species in the solid are expected to be significantly 

different from those in the liquid, radiation damage data for the liquid 

should not be considered to be relevant to the problems in solid methane). 

Even though there may be several relevant species involved, we compute the 

rate of accumulation of damage energy from neutral hydrogen H (0) only. 

The energy released in the reaction H(O) + H(O) + H2 is 4.5 eV [4]. 

According to the long-term rate of production 

warmup (H(O) 

of H2 in gases analyzed after 

can be produced and stored at a higher rate during cold 

irradiation, and recombine to produce species other than H2 upon warmup, so 

that the relevant rates could be even higher than this estimate), we estimate 

the rate of accumulation of damage energy as H (0) to be 

dQ(H2)/dt = 2.74 kjoules/hr (0.76 watts). 

This rate is substantially greater than the rate dQrelease/dt = 0.7 

kjoules/hr, and does not include the energy stored as other species (CH3+, 

etc) which would increase it. On the other hand, this figure is based on the 

assumption that all the H2 evolved after warmup is stored as H(O) between 

burps--this is certainly not true, in view of the inhomogeneity of the damage 

cascade, and the consequent initially-rapid annihilation of defects. Lacking 

further information, we assume that ‘de have identified mechanisms adequate 

to explain the burping behavior on the basis of energy stored as radiation 

damage induced defects in aluminum and methane, which is released by 

thermally-activated mechanisms. 
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Theory 

Guided by the idea that energy is produced and stored in some form 

(Frenkel pairs, interstitial H (0) , . ..). released by some thermally-activated 

mechanism, we propose a simple, non-specific, lumped-parameter model of the 

system, based on the production and thermally-activated diffusion-controlled 

self-annihilation of a single type of defect, with Newtonian external 

cooling. There is nothing particularly novel in this approach, since it has 

been applied to other systems which store energy by various mechanisms while 

undergoing irradiation. (The best-known example is the study of the thermal 

annealing kinetics during the release of the stored (Wigner) energy in the 

form of lattice defects caused by neutron irradiation of graphite [5-lo]. 

There various types of defects, each with different activation energies for 

migration and different mobilities as a function of temperature, are averaged 

into one species 151.) 

The rate of change of the concentration N(t) of defects at time t is 

given by the volume rate of production R(t) of defects and by the rate of 

self-annihilation K(T)N2(t) of defects; viz., 

dN/dt = R(t) - K(T)N2(t) . (1) 

(This simple model has been used to describe the release of stored Wigner 

energy in irradiated graphite [6], though Cottrell et al. [5] have considered 

a more generalized form of the defect recombination term.) The factor K(T) 

is a temperature-dependent recombination rate coefficient having a thermal 

activation factor which is assumed to be of Arrhenius form, 

K(T) = e 
(-aE/kBT) 

(2) 
This is arguably proportional to the diffusion coefficient describing the 

motion of defects. AE is the activation energy of the defect, which releases 

an energy E per defect upon annihilation, and kg is the Boltzmann constant. 

(This is what Dickson et al. [7] call a constant activation energy model, 

though it could be generalized by a more complicated variable activation 

energy model which depends on the concentration of defects.) 

The net sensible heating power deposited in, the moderator is the 

summation of 1) the instantaneous nuclear heating power P(t) deposited in the 

moderator, 2) the power EVK(T)N2(t) developed from the self-annihilation of 

defects, and 3) the rate of heat removal H(T,t)A(T -- Tc(t)) by the cooling 

system. The factor H(T,t) is the “film coefficient” describing the transport 

of heat across an area A from the system to the coolant. The temperature of 

the mbderator system at time t is T(t) and the temperature of the coolant is 

Tc(t). We note that changes in the cooling conditions may alter H as well as 
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T c, so designate both as externally-controlled, explicit functions of time. 

Hence 

pC(T)dT/dt = P(t)/V + EK(T)N2(t) - (H(T,t)A/V)(T(t) - Tc(t)) , (3) 

where C(T) is the specific heat of the moderator, p is the density of the 

material, and V its volume. When reduced to minimal form, these equations 

have only a few unknown parameters; however, they are highly non-linear and 

can exhibit very irregular behavior. Drastic changes in the time behavior. 

can be produced by relatively modest changes in the parameters. (Similar 

equations have been used to describe the migration and annihilation of point 

defects in solids, for example in the contexts of creep and radiation-induced 

growth [ll].) 

We define the following temperature and time dependent quantities in 

terms of dimensionless parameters relative to their values at some arbitrary 

reference temperature To : 

the defect recombination rate coefficient, 

K(T) = Kok(T); so that k(T) = e(-(AE’kB)(l’T-l/To)) , . 
‘. 

the specific heat, 

C(T) = Cot(T); so that Co = C(To) , 

the film coefficient, whose explicit time variation we subsequently’ ignore, 

H(T,t) = H(T) = Hoh(T); so that Ho = H(To) , 

the defect concentration, 

N(t) = Non(t) 9 

the defect production rate, 

R(t) = Ror(t) 9 

and the nuclear heating power, 

P(t) = Pop(t) l (4) 
Hence equations (1) and (3) can now be put into a reduced form. 

We further define the following constants in terms of quantities at the 

reference temperature To: 

the equilibrium concentration No of defects at the reference temperature To, 

No = J(Ro/Ko) 9 

the time constant ~~ (at the reference temperature To) for relaxation of the 

defect density N(t) to its equilibrium value N 
0’ 

TN = l/J(RoKo) , 

the time constant zT (at the reference temperature To) for cooling of the 

system to 

the ratio 

‘;r = 

its equilibrium temperature (this relaxation time is determined by 

of the specific heat to the film coefficient for the system), 

Wo/HoA , 
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the incremental temperature TP by which the moderator temperature T would 

rise above the coolant temperature T 
C 

due to a constant external power P 
0’ 

Tp = Po~T/VpCo , 

the incremental temperature TN by which the moderator temperature T would 

rise above the coolant temperature Tc due to the equilibrium rate of 

annihilation R = KoNo2 

TN = ERo+ pCo . 

of defects, 

(5) 

Hence the defect concentration equation (1) and the moderator temperature 

equation (3) become 

TNdn/dt = r(t) - k(T)n2 

rTc(T)dT/dt = TPp(t) + TNk(T)n2 - h(T)(T - Tc). (6) 

The n (defect concentration) equation is a generalized Ricatti equation. 

When the defect production rate is constant, R(t) = R. (r(t) = 1, constant), 

and the temperature of the moderator is constant, T(t) = T , and thus the 

recombination rate is constant, K(T) = K. (k(T) = 1, consyant), it has a 

simple solution, 

n(t) = 
n(0) + tanh(t/-cU) 

1 + n(0)tanh(t/TN) ’ 
(7) 

Under these conditions, the defect concentration n(t) relaxes smoothly and 

monotonically from n(0) to 1. When n(0) = 0, 

n(t) = tanh(t/xN). (8) 

(This result has been given by Newgard for defects in irradiated graphite 

161). For small times, t << ~~~ 

n(t) = n(0) + (1 - n2(0))(t/r,); (9) 

for long times, t >> TN, 

n(t) + 1. 

When the nuclear heating rate, p(t), the defect concentration, n(t), 

and the coolant temperature, Tc(t), are all constant, and c(T) = k(T) = h(T) 

= 1, independent of T, the T (moderator temperature) equation (6) has the 

simple solution 

T(t) = TPp + TNn2 + Tc + [T(O) - (TPp + TNn2 + T,>le 
-t/TT . (10) 

Under these conditions, T(t) relaxes smoothly and monotonically from T(0) to 

a value TPp + T n2 
N 

+ T 
C’ 

To avoid linearizing approximations, we have coded these simultaneous 

first-order differential equations in reduced form for solution by Runga- 

Kutta methods. A few preliminary calculations with guessed parameters and 

constant coefficients provide some results which relax smoothly and 
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monotonically to stable conditions, and some which show an oscillating 

behavior, similar to the regular burping that we have observed. (Similar 

curves have been produced by .Dickson et al. for describing the release of 

stored energy in irradiated graphite [7].) Figure 5 shows results for a 

stable case, for which there is a steady rise in the defect concentration 

N(t) and the moderator temperature T to their constant equilibrium,values as 

a function of time. Figures -6a and 6b show results for an unstable 

situation, where there is an initial steady rise in the defect concentration 

N(t) until the occurence of a precipitous release of energy (burp), with a 

simultaneous sudden increase in the moderator temperature, after which the 

moderator quickly relaxes to its earlier values. (As in the case of 

irradiated graphite, ‘the onset of energy release from the moderator is very 

critically dependent on variations in the initial parameters, and can be 

initiated suddenly when some local fluctuation sufficiently raises the 

moderator temperature.) When the volume defect production rate, R(t), and 

the nuclear heating power, P(t), are constant, these calculations show an 

increase in the defect density, N(t), which is nearly proportional to time up 

to the time of the burp. At this point there occurs a very rapid decrease of 

the defect.density with a concurrent increase in the moderator temperature T. 

The calculations also show that a burp releases nearly all the energy stored 

in the defects. The crucial factors required for burping behavior are to 

have a high activation energy AE and a low irradiation temperature T, a high 

defect energy deposition rate ERo and a long cooling time ~~~ 

We have also derived a number of simple and useful results from the 

fundamental equations in terms of measurable quantities, as guides to the 

understanding of the system. Fundamental to all of them is the condition 

that the system becomes unstable when the defect concentration N(t) is so 

large that (neglecting dC(T)/dT, etc.) 

EN2dK(T)/dT = EN2K(T)AE/(k,T2) > d/dT(H(T)A/V)(T-Tc) = H(T)A/V, 

and n2TN(AE/kRT2)k(T) > h(T) = 1; (11) 

that is, when an increase of the moderittor temperature causes an increase in 

the rate of release of stored damago energy which is greater than the 

increase in the rate of heat removal by the cooling system. 

This treatment may be generalized to a defect recombination law that 

depends on powers of the defect densit: other than its square, as has been 

performed for irradiated graphite [5]. We present below some of the results 

for the expected case that the recombination takes place at a rate 
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The solution of the burp equations for the stable case, showing the 
steady rise in the defect concentration and the moderator temperature to 
constant equilibrium values as a function of time. 



il 0’s;ZL 0’001 O’GL 0’0s O’SX l 

(Y) dk’43_L QND/ @Vd) SL3333Q 

6a. The solution of the burp equations for the unstable (oscillating) case, 
showing the steady rise in the! defect concentration until the occurence 
of the burp, at which time the defects disappear catastrophically with 
the simultaneous sudden increase in the moderator temperature. 
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SOLUTION OF THE BURP EQUATIONS 
UNSTABLE (OSCILLATING) CASE 

DETAIL OF THE BURP 

14.2 



proportional to the square of the density of a single species, and. for 

constant coefficients. 

Instability Time ts and Temperature Ts 

We express the results in terms. of quantities which are independent of 

the temperature and those which depend explicitly on the temperature. We 

also assume that the initial defect concentration is zero, n(0) = 0, and that 

the defect production rate and cooling system conditions (namely H(T,t), thus 

TN) are constant. The time ts and temperature T 
S 

at which the moderator 

system becomes unstable are related by 

tanh2(ts/TN) TNk(Ts)(AE/kHTi) = 1, 

or t 
S 

= TNtanh-‘J(kHTz/mTNk(Ts)). , (12) 

When kHT2/AETNk(T) > 1, eq (12) has no real solution and this is the 

condition for permanent stability of the system; presumably the KENS 

moderator operates in this regime. The stored energy accumulates more slowly 

at a higher temperature, and saturates at a level at which it appears 

steadily and stably as heat. F 
When J(kgTz/AETNk(Ts)) << 1, the instability time ts is proportional to 

the argument of the inverse hyperbolic tangent function, corresponding to the 

proportional regime found in the calculations; that is, 
.l 

% 
= -c,J(k,T;/AHTNk(Ts)). (13) 

We can estimate an activation energy AE through this equation. The burps of 

Model I took place at time 

K, while the gigantic burp 

and at a temperature T s2 = 

intervals t sl = 24 hrs at a temperature Tsl = 14 

of Model II took place after a time t 
s2 = 336 hrs 

9 K. Hence we can estimate 

(tsl/ts2) = (Tsl/Ts2)e((AH’2kH)(1’Tsl - 1’Ts2)), 

AE/kH = 2ln (ts2 [ tsl)(T~)]/(l/~sl-l/~s2) , Tsl (14) 

= 155. K. 

This result is based on numbers which are not very accurate, and, moreover, 

the proportionality assumption itself may not be very accurate, since we have 

only two data points. More accurate measurements of the instability times ts 

as a function of the instability temperatures Ts would provide more useful 

insight into the activation energy AE, and therefore into what mechanism is 

responsible for the burps. The procedure would be to operate for various 

times ts, then raise the moderator temperature until a burp occurs--this is 

TS’ 
Hence an Arrhenius plot (ln(ts/Ts) s l/Ts) would provide AH/ZkH from 
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the gradient, and the prefactor in the relationship for ts, (parameters 

essential to make the theory into a model) and would lend credence to the 

theory if it were successful. Unfortunately the scatter in the data is so 

poor as to make this analysis not useful. (Measurements have been performed 

on irradiated graphite [lo] showing a threshold effect in which a slight 

temperature rise over a short period causes a rapid temperature increase; an 

extremely slow warm-up avoids this rapid release of energy. In addition, 

samples irradiated at lower temperatures have much higher and quicker energy 

releases [5]) 

More generally, in case the proportionality assumption does not apply, 

one could instead fit the data to the relationship 

tanh(at 
S 

) = bT e(C’Ts), 
S 

(15) 

where a = ~/TN, b = .(-m/2k T ) B o J(kB/TN5E), and c = AE/2kB. In this case we 

also obtain ‘c N’ the time constant for relaxation of the defect density to its 

equilibrium value at the reference temperature To. There may well be 

conditions where this analysis is possible. 

Burp energy 

On the basis of the proportionality assumption, the energy released 

during a burp is equal to the energy stored as defects; that is, 

Q released = 

= 

ZZ 

ERots 

ERo[(kB/AE)(V/ER~HoA)(T2/Ko)e 
( AE/kBT) $12 

~[(kB/AE)(VE/HoAKo)]Te(hE’2kBT). (16) 

The energy released increases very rapidly as operating temperature is 

decreased, as we have observed. The assertion that Qreleased is 

proportional to the time ts elapsed before the burp is the basis for Figure 

3. More-refined measurements of induced burps, for which the maximum 

temperature Tmax reached is recorded as well as the time t s elapsed before 

the burp and the temperature Ts at which it begins, can refine the 

determination of the rate of damage energy accumulation, which is ERo = 

TN(PC~/T~) in the theory. 

More generally, the energy released in a burp is 

whereQ;;:‘;sed 

= 
s 

burp dtVoCoc(T)dT(N)(t)/dt, (17) 

(t)/dt is the rate of change of the defect density, in the absence 

of nuclear heating power, heat transferred to the cooling system, and the 

production of defects. Thus more precisely than in the linear approximation, 
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Q released = vpc 
s o burp dt (rN/rT)dn/dt 

= VpCo(TN”CT)(nbefore burp - “after burp) 

= VpC (r /T )n o N T before burp 

= VpCo( TN/‘cT) tanh( ts/rN). (18) 

In general this relationship should be used rather than the linear one which 

was invoked to interpret the data in Figure 3. 

Temperature Rise During Operation and the Cooling Response Time, xT 

The first-order effect of nuclear heating of the moderator is to raise 

the temperature of the system. An equilibrium condition is reached for which 

the moderator temperature is such that the instantaneous nuclear heating 

power PO flows steadily to the cooling system. This contribution to the 

temperature rise is Tp. Source-shutdown transient measurements made shortly 

after starting up Model I, indicate that Tp is about 1. K for 12, uA, 450. 

MeV operation. 

Those same measurements also indicate that the thermal response time rT 

is about 60. seconds at about 14. K. The estimated instantaneous nuclear 

heating power based on scaling from measurements on ZING-P’ moderators, is PO 

= 10-20 watts. Since Tp = Po’5T/vpco, we would expect (identifying VpCo = 

dQ/dT = 148. joules/K at 12 K from Table l), Tp = (lO.w)(60.sec)/(148.j/K) = 

4.1 K. This is significantly larger than the observed value Tp = 1. K, 

inaccurate as it is, even though we have used the lower limiting estimate of 

the nuclear heating power. The cause of this inconsistency is probably the 

domination of the thermocouple response time in the transient measurement of 

*To In view of the relationship between Tp and rT, we estimate ~~~ which is 

of critical importance in the theory, .to be within the range 8. < ‘cT < 15. 

seconds. There is some evidence that the temperature relaxes faster than 

that indicated by the installed thermocouple, although this does not serve to I 

refine the estimate of ~~~ 

Hence we need better measurements of the nuclear heating power PO, the 

temperature rise Tp and the time constant ‘5T* This could be accomplished by 

using a faster thermocouple and more acb:urate and more frequent recordings of 

thermocouple emf and coolant backpressure in burp and shutdown transient 

measurements. 

The theory and calculations show a gradual increase of the temperature 

of the system during steady irradiation. This is caused by the increasing 
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power appearing in the system due to the increasing defect density and 

consequently increasing defect annihilation rate. If an equilibrium is 

reached, this contribution to the temperature rise is TNk(T)n?t). In a 

stable system and even in an unstable system except near the time of a burp, 

at least a quasiequilibrium exists, in which the temperature rises by this 

amount . Figures 6a and 6b show this subtle effect, which was observed during 

operation of Model II. (The temperature rose from about 7. K to about 9. K 

during the two-week period of operation.) 

This quasi-equilibrium, dT/dt = 0, operation of the moderator implies 

that the moderator temperature is given by 

T(t) = TRp(t) + T,k(T)n2(t) + h(T)T, . (19) 

When the nuclear heating power p(t) is constant and the heat removal rate 

h(T) is constant, there is an increase in the defect concentration n(t), so 

that the moderator temperature is given by 

T(t) c: (l/h(T))[TRp(t) + TNk(T)tanh2(t/Tn)] +T 0 l 

(20) 

If measurements are made at consistent relative power, p(t), as a function of 

time in the absence of burps, then with the assumption that h(T) = 1, we 

could determine (TR + Tc) and TNk(T)/-ri in the proportionality regime, or (TR ” 

+ Tc), TNk(T) and ~~ in cases for which n(t) saturates. 

Stresses Due to Thermal Expansion of Methane 

When the methane warms up as in a burp, it expands. Figure 7 shows the 

lattice parameter (and hence the density or specific volume) of solid methane 

as a function of temperature 1121. As an example, we consider a burp which 

raises the temperature of the moderator from, say, 10 K to 50 K. The lattice 

parameter of methane changes from a = 5.865 8, to a = 5.925 A, so the relative 

expansion is 

E = &r/a = (5.925 - 5.865)/5.865 = 0.0102 . (21) 

As an indicative exercise, we consider the box to be a thin spherical 

shell of aluminum with a radius R and thickness t, and the methane moderator 

to be incompressible. The strain in the aluminum shell is equal to the 

relative expansion of the methane, and the stress is given by 

uAl 
= EAl& = (10. x lo6 psi) x 0.0102 = 102,000 psi , (22) 

where E Al is Young’s modulus for aluminum. We calculate an effective radius 

for the moderator to be 

R = (3V/4r1)l’~ = (3.x752.cm3/4n)1’3 = 5.64 cm (23) 

where V is the volume of the moderator box. Taking the moderator thickness t 

to be 0.32 cm, the internal pressure is given by 
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7. The lattice parameter of solid methane as a function temperature, taken 
from the thesis’of Aadsen (Univ. of Illinois, 1975). 
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p = 2a(t/R) = 2. x (102,000.) x (0.32/5.64) = 11,574. psi . (24) 

With such an internal pressure, the compressibility of the methane reduces 

the stress, to give a statically indeterminate problem, as the stress 

analysts call it. 

Accounting for the thermal expansion of aluminum, the relative change in 

the volume of the box is 

AvBox’vBox = 3aAlAT + (livBox) (dVBox /dp)p 9 (25) 

where aAl is the thermal expansion coefficient of aluminum, AT is the change 

in temperature, dVBox/dp is the rate of change of the volume of the box with 

respect to internal pressure p. ‘Ine relative change in the volume of the 

methane is 

AvCH4/VCH4 = 3Aa/a - p/BCH4 , (26) 
where Aa/a(AT) is the relative change of lattice constant for temperature 

change AT, and BCH4 is the bulk modulus of CH4. Thus the pressure p is given 

3( Aa/a -aAIAT) 
P= 

(l/VBoxdVBox/dp +1/BCH4) ’ 
(27) 

The relative thermal expansion aAl AT of aluminum at low temperature is 

0.010 % between 4. K and 60. K. We take the relative expansion of the 

methane to be As/a = 0.0102 from equation (21) above, and the factor 

l/V BoxdVBox/dp = (3/R)dR/dp = (3/EAl)do/dp = (3/EA1)(R/2t) 

= 2.64 x 10e6 psi-‘, (28) 

as for a spherical box. Measurements of the pressure-temperature isochores 

in solid methane [13] give 

(ap/aTIV) = (14.7 psi/bar) x (21.7 bar/K) = 319. psi/K , (29) 

and the lattice parameter measurements of solid methane [12] at 50 K (see 

Figure 7) give 

(l/VaV/ aT I,, = (3/a)da/dT = 0.00095 K-l . (30) 

This allows an estimate of the bulk modulus of methane from the thermodynamic 

relationship 

BCH4 
= (ap/aTJv)/(i/vav/aTIp) , 

= 319./0.00095 = 3.37 x lo5 psi . 

Thus finally we obtain the pressure in the moderator box 

p = (3.)(0.0102 - 0.0001)/(2.64 x lo6 + 1./3.37 x 105) 

= 5.40 x lo3 psi , 

and the corresponding stress on the box is 

(31) 

(32) 

300 



u = (R/Zt)p = 5.64/(2.x0.32)x(5.40 x 103) = 47,600. psi . (33) 
This is substantially lower than the estimate for incompressible methane, and 

the difference may possibly be significant in a more accurate treatment of 

the volume change and the stresses in the moderator box. 

Stresses Due to Released Hydrogen 

When the moderator warms up and burps, it releases hydrogen into a small 

volume which causes further stresses on the moderator system. Calculating 

the volume of hydrogen released during a burp from the amount found after 

warming up the system, namely (0.054 mole H2)/(mole CH4)/week III , after one 

day there would be 

H 2released = 0.0077 mole H2/(mole CH4) x 314./16. = 0.15 mole H2 

If we assume for example that 

expands into a fixed volume of V = 

according to the thermodynamic data 

moderator system due to the release 

P= 24.6 atm. 

0.2 moles H2 (0.01 mole H2/(mole CH4)) 

30. cm3 at a temperature of 50 K, then ,, 

on H 2’ we find that the pressure in the 

of hydrogen gas is 

Already this is sufficient to stress the box seriously, and to explain the 

appearance of H2 in the vacuum insulation space around the moderator. This 

calculation does not account for the entrainment or solution of H2 in CH4, 

nor the expansion of the box due to pressure. Until dVRox/dp and du/dp are 

known, and the simultaneous efects of solid CH4 expansion and H2 solubility 

are incorporated into the calculation, we cannot realistically estimate the 

stresses that the box must endure. 

Summary 

We have suggested a model for the cold methane moderator system which 

seems capable of explaining the observed burping behavior. Measurements 

suggest approximate values for the parameters in the model, although not very 

accurately. A number of measurements are suggested which will refine the 

parameters of the model, and enable a calculation of the behavior of the 

moderator and determine a safe operating program. In practice, the current 

program is to heat up the system on a daily schedule, inducing a small burp 

to prevent the long-term buildup of stored energy. In principle such 

annealing cycles require only a few minutes to complete, but in practice 

secondary effects that follow the release of hydrogen into the insulating 

space sometimes require several hours to overcome. 
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The purposeful periodic induction of small burps is a macroscopic fix 

for the burping problem, though severe stresses may be introduced into the 

moderator. These might be reduced by a strictly controlled operation in 

which a slow increase in temperature might lead to a controlled release of 

energy. A microscopic fix might be to introduce as an impurity, some species 

which would scavenge the responsible energy-storing defects at the operating 

temperature, and so reduce the buildup of stored energy. The theory outlined 

above could be modified to include this scavenging. Another microscopic fix 

might be to arrange that the methane does not expand so severely upon 

warming, thus reducing the stresses. For example, it is reported [14] that 

about 10 mole % nitrogen in solid methane causes a decrease in the molar 

volume with increasing temperature in the range 50 - 60. K. 

Further measurements may show up inadequacies in the model insofar as it 

assumes the dominance of a single defect species. The model could be 

elaborated to include several species with different production rates, 

diffusion coefficients, activation energies, production rates and 

annihilation energies, and spatial variations in the stored energy (as has 

been done for irradiated graphite [5,7]). 

It would also be useful to determine the maximum temperature of a burp’ 

that can be safely tolerated, using the maximum stress in the moderator box 

as the criterion for judging what is tolerable, and therefore the maximum 

acceptable temperature, and the number of stress cycles that can be expected 

during the lifetime of the box. Such an analysis needs to be more refined 

than the above calculations. What is required is a determination of the 

stress in the box given the maximum temperature (therefore the volume change) 

reached during the burps, and the compressibility of solid methane as a 

function of temperature, which plays off against the thermal expansion. 

A longer version of this report iI51 contains more extensive tables and 

figures. 
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P.O. Box 1663 
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ABSTRACT 

At the Los Alamos Neutron Scattering Centre (LANSCE), we have 
four mderaxors sei%icinqTwelve flight paths. Three of the 
moderators are light-water; the fourth moderator is liquid 
Hydrogen at 20K. We flow the liquid hydrogen to and from the 
moderator canister. The liquid hydrogen moderator system 
was installed in the summer of 1985, and has operated quite 
satisfactorily for 2500 hours at average proton beam currents 
up to 35 /IA. We believe liquid hydrogen has potential as a 
true high-power, high-intensity cold moderator for spallation 
neutron sources operating with average proton current greater 
than 100 PA. 

We describe the LANSCE liquid hydrogen moderator and planned 
improvements in our ICANS-IX paper "THE LANSCE TARGET SYSTEM", 
which may be found on page 177 of these proceedings. 
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22-26 September, 1986 

Operational Experience with the ISIS Cryogenic Moderators 

A T Lucas 
Rutherford Appleton Laboratory 

1. Introduction 

The basic design specifications have been reported at previous 
conferences together with initial operating experience. By way of a 
reminder, the fundamental parameters were as follows:- 

H, System 

Supercritical hydrogen at 15 bar pressure and 20 - 25 K with the 
following estimated heat inputs:- 

1. Nuclear heating 
2. Nuclear heating 
3. Heat inleakage 
4. Transfer losses 
5. Circulator heat 

in H 
1 

454 w 
in a uminium vessel 30 w 

35 w 
6W 

input 60 W 

Total 585 W 

Against this, the refrigerator provided by Sulzer Bros (UK) was 
specified at 600 W at 20 K. 

System CH,: 

Liquid methane at 4 bar pressure and sub-cooled to 95 - 100 K 
with the following estimated heat inputs 

1. Nuclear heating 
2. 

in CH4 625 W 
Nuclear heating in aluminium vessel 13 w 

3. Heat inleakage 26 W 
4. Transfer losses 60 W 
5. Circulator heat input 60 W 

Total 784 W 

Against this, the single stage Stirling cycle cryogenerator 
manufactured by Philips and supplied in standard form, is rated 
at.1 kW at 100 K. 
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2. Circuit Description (H21 

The basic circuit diagram is shown in Fig 1. The two circulators each 
with remotely operable isolation valves are located in the return leg 
of the circuit in order to minimise the temperature rise between the 
controlling sensor and the moderator. An ortho/para catalytic 
converter of iron oxide compacted into pellets and contained in a wire 
gauze basket is also located in the flow line of the circuit. 

Either circulator can be isolated from the main circuit, pumped out 
and filled with helium to allow replacement without affecting the main 
circuit. 

3. Circuit Description (CH,,) 

The circuit diagram is shown in Fig 2. The circulators were located 
in the moderator feed line on account of the high density difference 
between gas and liquid. The cryogenerator is positioned at the 
highest level, in an attempt to prime the circulator during initial 
liquifaction. 

A pair of remotely valved filters is located in the remote leg. 

Both circulators and filters are described in greater detail later. 

4. Cooldown Performance 

Typical cooldown curves are shown in Figs 3 and 4. The liquifaction 
phase of the methane system proved the most difficult and tedious part 
of the operation. This was because of difficulty in keeping the 
circulators primed with liquid, resulting in vapour locks bringing 
fluid flow to a standstill. To overcome this, a short circuit bypass 
valve was added. When the loop had filled with liquid, which was 
relatively easy on account of the much reduced circuit pressure drop, 
the bypass valve could be shut and the remainder of the circuit filled 
and sub-cooled without difficulty. 

5. Methane Polymerisation 

In the absence of general data on the chemistry of methane in 
radiation, a relatively large cylindrical filter element with an 
outside surface area of 385 cm* was designed. Flow direction %?as 
outside to inside and remotely operated isolation valves afforded 
replacement without shutting down the system. 

The initial filter bore size was 10~, but because of rapid blocking 
this was increased to 45~. It was subsequently noted that periods of 
rapid blocking coincided with a vertically mis-steered beam when it is 
possible that the moderators were receiving high energy protons with a 
correspondingly high level of methane degradation. 
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Recent Modifications 

i. CH, Filters 

It was observed that filters became initially blocked, with 
with soluble materials which could be readily removed by 
warming and evacuating the isolated filter 'unit. 

It is unknown at this stage how many times this can be 
repeated before blockage of a more permanent nature occurs, 
but it was obviously desireable to enable the regeneration 
cycle to be carried out remotely. To this end, a 
pneumatically operated valve panel was installed to enable 
either filter to be vented, evacuated and purged with inert 
gas. Heaters and temperature sensors were also fitted to 
the body of each filter containment. 'It is intended to 
regenerate a filter during normal operation of the system.' 

ii. Methane and Hydrogen Circulators 

The basic circulator units were supplied by Philips as 
modified standard units. In order to'meet the RAL 'safety 
requirements for flammable gases, the unit was enclosed 
enclosed in a low pressure inert gas containment. 

In order to ease circulator replacement, the main vessel 
was re-designed as shown in Fig 5. This obviates the need 
for a separate secondary containment by separating the gas 
from electrical connections which are in an integral inert 
gas chamber at the top. The inert gas surrounds the cables 
and feeds the chamber. Two of the original three rubber 
'0' rings which occasionally became chilled and' 
subsequently leaked were eliminated in the new design. The 
circulator vessels were designed to ASME VIII pressure 
vessel code, and are regarded as the first step in a 
circulator development programme. 

The thermal break between cryogenic fluid and the nominally 
room temperature circulator vessel, is effected by an 
overhung shaft. This suffered problems of instability 
particularly during its run up to the operating speed of 
18,000 RPM, which was overcome by an increase in the shaft 
diameter at the cost of an increased heat input to the 
cryogenic, fluid. It was also found net-essary to provide a 
step in the shaft with a matching step in the bore of the 
resin block through which the shaft passes. This acts as 
an effective block to convective currents greatly reducing 
transfer into the fluid. 

To enable circulators to be warmed up for removal, heaters 
and temperature sensors were added to the diffusers 
together with remotely operated pumping and purging 
facilities. 



iii. Circuit Modification 

In addition to the above modifications three additional 
remotely operated cryogenic valves were recently added in 
order to afford the system improved flexibility. 

The problem of liquid filling of the methane system is not 
fully solved, but plans are in hand to automate the 
complete cooldown operations using a programmable 
controller. 

Conclusions 

The two systems are operating with a fairly high degree of 
reliability. Circulators continue to be the greatest single cause of 
breakdowns, although the average life of a unit is probably longer 
than was at first expected. There is however room for considerable 
improvement, and at least three full cycles of four weeks running 
without servicing is considered a reasonable goal for a single unit 
with the second unit being regarded only as a spare. Whilst existing 
units have survived such periods and longer, others have suffered 
premature bearing and other mechanical breakdowns. 

One of the problems of the Stirling cycle cryogenerator is that of the 
control of its output. Unless checked, methane can easily be frozen 
in the heat exchanger when a vapour block occurs. At the present 
time, this is avoided by switching off the drive motor, but an 
electrical heater on the main heat exchanger is to be commissioned in 
the near future which it is hoped will give much improved control of 
refrigerative output. Once filled with liquid, a remotely positioned 
heater now controls the temperature of the system, but this cannot be 
used during the gas and liquifaction stages on account of the low heat 
transfer properties of the fluid. 

The levels of heat applied by the heater in the two systems, are 450 
watts for the methane, and 800 watts for the hydrogen. Because of 
some heat cycling it is impossible at this stage to ascertain with any 
degree of accuracy, the heat contribution of the neutrons at running 
levels so far encountered. 

Although designed for pressures of 15 bar at which hydrogen at 20 K is 
supercritical, the present level of beam current precludes the 
possibility of boiling if the hydrogen is in a liquid state which was 
the original purpose of using supercritical hydrogen. The system is 
therefore run at about 10 bar to give a greater safety margin. This 
corresponds to a liquid sub-cooled by about 16 K. 

A T Lucas 
RAL 
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Deterioration of Performance of Neutron 
Moderators Under Intense Irradiation* 

John M. Carpenter, 

Scott S. Cudrnaka 

and 

Casimer M. DeCusatisb 

Intense Pulsed Neutron Source Program 
Argonne National Laboratory 

Argonne, Illinois 60439 U.S.A. 

ABSTRACT 

In pulsed neutron sources, fixed moderators such as polyethylene and 

solid methane slow down fast (MeV) neutrons from the primary source to 

energies of use for spectroscopy (!: 10 eV). Radiation-induced changes in 

their composition alter their spectral and pulse characteristics. We report 

the results of fitting time-average spectra from polyethylene and solid 

methane moderators in Argonne’s Intense Pulsed Neutron Source as a function 

of total fast-neutron radiation dose. The thermal-to-epithermal flux ratio 

varies most significantly, while the Maxwellian energy and the parameters 

describing the epithermal component change only slightly. We have used 

modified forms of Westcott’s joining function for this purpose. We provide 

an integral of the spectrum that is useful for determining the delayed 

neutron background. 

Introduction 

In pulsed neutron sources, fixed moderators such as polyethylene and 

solid methane slow down fast (MeV) neutrons from the primary source to 

energies of use for spectroscopy (!: 10 eV). Radiation-induced changes in 

-- 
Work Supported by U.S. Department of Enclrgy 

a) Present address:’ Department of Civil Engineering, Mechanics, and 
Metallurgy, University of Illinois at Chicago, Chicago, IL 

b) Present address: Department of Engineering Science and Mechanics, 
Pennsylvania State University, University Park, PA 

315 



their composition alter the spectral and pulse characteristics of moderators. 

The purpose of this work is to quantify the changes in the parameters 

describing the time-average spectrum of neutrons from the moderators of 

Argonne’s Intense Pulsed Neutron Source (‘) (IPNS) by fitting empirical 

functions to observed time-of-flight spectra. The results relate to other 

pulsed sources which use polyethylene or solid methane moderators. It is 

particularly significant that simple functions of the same mathematical form, 

but differing for polyethylene and methane, fit the spectra equally well at 

all stages of their irradiation. 

We find that in polyethylene suffering about 5 x 1018n/cm2 fast neutron 

fluence, both the thermal-to-epithermal neutron flux ratio and the ratio of 

epithermal flux to the proton current, both decrease by a factor of about 

.75. These changes are important, but not unique to pulsed sources, since 

fluxes and spectra also change by comparable factors from beginning to end of 

the fuel cycle in some reactors, due to fuel burnup and the changing 

positions of shim rods. Similarly, we find that the thermal-to-epithermal 

flux ratio in methane decreases by a factor of about .80 upon irradiation by 

8 x 1017n/cm2 ? while the ratio of epithermal flux to proton current decreases 

by only .95. 

Description of the Hoderators and the Measurements 

Figure 1 shows the arrangement of the primary source, moderators and 

reflector of the IPNS. The source (proton target) is of depleted Uranium, 

irradiated by 450 Mew protons from the Rapid Cycling Synchrotron (RCS). 

During the period we investigated, the accelerator delivered time-average 

currents of about 12 uA in pulses 100 nsec in duration at 30 Hz. Figures 2 

and 3 show the moderators, which are respectively of polyethylene and solid 

methane. The moderators are decoupled from the surrounding graphite 

reflector by 0.5 mm-thick Cadmium. The physical temperature of the 

polyethylene moderators is about 50 C, and of the methane about 12 K during 

operation. Our measurements were of the “F” moderator, overall 5.1 x 10.1 x 

10.1 cm3 in size, heterogeneously poisoned with 0.5 mm-thick Cadmium 2.2 cm 

below the viewed surface, and of the grooved, solid methane “C” moderator. 

The polyethylene moderator was initially of high density material, p = 

0.966 gm/cm3, with H/C ratio 2.00. After approximately one year’s 

irradiation, corresponding to 8. x 10 
20 

protons on target and a fast-neutron 

fluence approximately 5 x 1018n/cm2 , the polyethylene moderator was removed 

and its composition examined. Table 1 summarizes the results of analysis of 

material from “F” moderator before and after irradiation. 
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Table 1 

Analysis of Polyethylene Before and After Irradiation 

Before After 8.1 x 10 20 protons on target 

Density 0.966 0.990 gm/cm3 

H/C ratio 2.0 1.56 

The methane moderator consisted of initially pure (> 0.999 ) methane gas 

condensed into the methane container, which for heat transfer purposes 

contains a 6101 Aluminum alloy foam filling 6% of the volume. (The density 

of pure solid methane at 12 K is 0.528 gm/cm3.) The system is described in 

greater detail elsewhere (2). Following two periods of irradiation, one 15 

days long and the other 55 days long, during which the RCS delivered 6.5 x 

1o19 and 3.3 x 102’ protons to the target, corresponding respectively to 

approximately 4. x 1017n/cm2 and 2 x 1018n/cm2 fast neutron fluence in the 

methane, we collected and analyzed the volatile products, with the results 

shown in Table 2. 

Table 2 

Analysis of Volatile Products of Radiolysis of 

Methane from the IPNS Solid Methane Moderator 

Product Mole fraction* of product, % 

protons on target 6.5 x 101’ 3.3 x 1020 

H2 5.38 10.6 

CH4 91.37 75.2 

H2° (0.04 

C2H4 0.20 1.4 

C2H6 2.30 8.5 

N2 
not determined--used as mixing gas 

O2 0.17 1.4 

Ar 0.04 0.1 

C3H8 0.42 

hydrocarbons C3, C4 & c - 2.8 

*exclusive of N 2’ 
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These analyses indicate substantial deterioration of both CH2 and CH4 

resulting from irradiation, which is reflected in the measured spectra 

described below. 

Our estimates of the 

are based on treating the 

F = YNP/(4nr2), 

where Y = 17 neutrons per 

distance to the center of 

delivered to the target. 

Assuming the average 

cross section to be u = 

proton in each collision, 

fast neutron fluence F are admittedly crude, and 

target as a point source of fast neutrons; 

(1) 

proton is the neutron yield, r = 15 cm is the 

the moderator, and NP is the number of protons 

neutron energy to be E = 1. MeV, and the 

4 barns/proton, with l/2 the energy given 

and taking n = 8.3 x lO22 protons/cm3 to 

density of protons in the polyethylene, we arrive at 

neutron dose for 8 x 10 20 protons on target, 

an estimate 

proton 

to the 

be the 

of the 

D = oFn(E/2) = 2.3 x 1012 erg/cm3 = 2.4 x lOlo Rad. (2) 

Similar crude estimates of the gamma ray dose lead to estimates about two 

orders of magnitude smaller than the neutron dose. Protons which might be 

present in the wings of the proton beam would contribute significantly to the 

dose, but we can only assert on the basis of measurements on the second 

target of IPNS, that this component is about two orders of magnitude smaller 

than the neutron dose. 

Beam monitor detectors in two instruments, the Special Environment 

Powder Diffractometer (SEPD) viewing the ambient-temperature polyethylene 

moderator through beam port F5, and the Small Angle Diffractometer (SAD) 

viewing the solid methane moderator through beam port Cl, provided the time- 

of-flight data which are the basis of our results. The detectors were both 
II hinll t “BF 3 detectors, whose efficiency is proportional to the neutron 

wavelength over the entire range of wavelengths (energies) measured. Figure 

4 schematically shows the arrangement elf the measurements. The flight path 

lengths were 13.51 m and 6.38 m for the SEPD and SAD beam monitor detectors, 

respectively. We have included a small correction to the flight path lengths 

to account approximately for the emission time delay. 

The Fitting Functions 

The time-average counting rate per unit time-of-flight in a pulsed- 

source beam monitor spectrum measurement is 
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C(t) = s ;W 1 W’)Qt - L/v’)dE’ + B = An(E)@(E)(ZE/t) + B (3) ; 

where A is the area and D(E) is the efficiency of the detector, and @(E).Ss 

the time-average flux per 

the neutron speed and E = 

the related wavelength is 

time-of-flight channel of 

We represent @(E) by 

smoothly to a l/E “slowing-down11 spectrum at shorter wavelengths, (3) 

unit energy at the detector position. v=L/tis I 

#mv2 is the neutron energy corresponding to time t; 

x = h/mv. The time-average counting rate in a 

width At centered at time t is C(t)At. 

a Maxwellian function at longer wavelengths, joined >^. 

O(E) = @MB(B) + @gD(B) (4) 

where GMB( E) 
2 = aTh(E/ET )exp(-E/ET) :. (5) 

represents the Maxwelli’an part of the spectrum. ET, = kBTeffis the mean i i 

thermal energy, related to the effective temperature Teff, which is usually 

somewhat greater than the physical temperature of the moderator medium. @Th 
is the integrated Maxwellian flux, ‘. 

‘Th = s ; aMB(E)dE, C6.j. ., 

since 
s 
,” (E/ET2)exp(-E/E,) dE = 1 . 

Polyethylene 

The slowing-down part representing the room-temperature polyethylene 

spectrum is 

where the last factor represents the effect.of leakage from the medium, and a 

is called the “leakage exponent”. We take Eref = 1000. meV for our purposes. 

;. 

(7) :. i 

The factor A(E) is the “joining function”. Different authors have used 

several different forms; we used a generalized form of Westcott’s (4) joining 

function, 

A(E) = [l + (Eco/E)S]-l (8) 

where the cutoff energy Eco is ordinarily about 



E co = 5ET, (9) 

and we designate the exponent 

value s = 7 for the spectra he 

s the “cutoff exponent”. Westcott found the 

treated. 0 epi 
is the epithermal neutron flux; 

assuming *Th(Eref) = 0. and A(Eref) = l., 

0 epi = (E*(E) 1 lEref (10) 

The detector efficiency was taken to be of the form 

o(E) = K/JE, (11) 

where K is an unknown constant. 

The parameter B represents the delayed neutron background, assumed 

constant over the time interval between pulses T = l/f. If S is the fraction 

of all neutrons which appear delayed then B represents the counting rate due 

to a steady source with a spectrum effectively identical to that 

characterizing the prompt pulse, 

rj(E)O(E)dE = 0 epi(“T)F(~Th’~epi,ET,‘,Eco,“,Emax)’ 

so that 

B/O epi = (“T)F(‘Th’~epi, ET St Ecot a, Emax)* 

(12) 

(13) 

The ratio of the delayed neutron background to the epithermal flux is 

completely determined if the shape of the prompt spectrum is known, as in our 

empirical fitting function. We develop the required integral F in the 

Appendix. 

It is interesting to note that, assuming no frame overlap C(t) = 0 for t 

> T, (the result is true without this assumption) 

s 
; An(E)G(E)dE + BT, 

then 

JT o C(t)dt = BT a/(1 + a), 

(14) 

(15) 
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so that B is proportional to the integral of the counting rate over the 

entire frame 

B= l/T 6/(1 + 6) E C( t)dt. (16) 

Methane 

The lower physical temperature of the solid methane moderator places the 

Maxwellian part of the spectrum roughly 20 times lower than that for the 

room-temperature polyethylene moderator. This exposes a slight ‘bump” in the 

slowing-down part of the spectrum which must be fitted in another way. In 

this case we described the slowing-down part by, 

(17) 

where Al(E) is the same fundtion used in the fitting of the polyethylene 

moderated neutron spectrum and A2(E) is the l,bumpll function, 

A2W = 1 + Aexp[-(EP-EP B )2/2a2] (18) 

where EB is the bump energy, and u represents the width of the bump..We.found 

that the best fit was obtained with p = -2/3, which value we fixed during the 

least squares analysis. Both Westcott(4) and Mildner et al (5) have found it 

necessary to describe “bumps” in certain spectra. 

Attenuation Corrections 

We made no corrections for attenuation due to the presence of air and of 

aluminum windows between the source and the detector in the polyethylene 

spectrum. In the solid methane spectrum, we-corrected the original data for 

the combined attenuation effects of the air and aluminum neutron cross 

sections. The neutron beam passed through 2.82m of air at atmospheric 

pressure and 0.5in. of aluminum in the solid methane measurement. To account 

for the attenuation due to this air, we used functions fitted to “Barn book,’ 

data for oxygen and nitrogen: 

0% 
c@(E) - 3 77(1 -. + (15.5/EmeV) 

1.762)0.222 

c?;; = 10 95(1 + (22 l/E . . meV )1*762)o*222 

(194 

(lgb) 
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giving a total macroscopic cross section: 

c total(E) = ~NA(O.~~G~(E)+O.~~~~(E))/V~ (20) 

where NA is Avogadro’s number and Vmis the STP molar volume. 

We represented the aluminum cross section in terms of the sum of elastic 

(Bragg) scattering for ideal polycrystal, with inelastic scattering at large 

and small k(6), in the vein of the treatment by Marshall and Lovesey. (7) 

Attenuation corrections were made in the original data enabling us to fit the 

data as an unattenuated spectrum, rather than making corrections for the 

attenuation during each iteration of the fitting function. Channel widths At 

were always 20 psec, while the time ranges fitted varied having minimum times 

between 500 usec and 1500 usec. We made no corrections for resolution, since 

these are insignificant in the present measurements. 

Table 3 shows the parameters used to quantify the changes in the time- 

average moderator spectra. 

Table 3 

Parameters for least-squares fitting of moderator spectra 

Parameter Initial values 

CH2 
CH4 

ratio of thermal to epithermal flux @ Th’@epi 

thermal energy 
ET 

epithermal flux 3 
epi 

leakage exponent 

cutoff energy 

CL 

E 
co 

cutoff exponent S 

background B 

bump function coefficient A 

2.5 3.5 

40. meV 2.0 meV 

first data point 

0.01 -.--- 

180. meV 10.0 meV 

7. 6.15 

l/2 last data point 

-_-- 0.44 
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bump energy 
EB 

_--- 305.0 meV 

sigma a ---- 0.018 

The values of the parameters were calculated from the re’corded number of 

counts (not normalized) taken on the SEPD and SAD at IPNS. We developed a 

FORTRAN code for this purpose, using the CERN library code MINSQ (899) to 

perform the (nonlinear) least squares fitting of the parameters. The 

function minimized was the sum of squares of the deviations of the fitting 

function from the data, normalized to the square of the estimated error in 

the data at each point. Thus the minimized function has -the )(* distribution 

with known expected value at minimum; our fits typically provided a value of 

X2 only twice the expected value, which for our data represents approximately 

2% rms error. The Table gives initial estimates provided to the minimization 

calculation, although the user of the code can change any of these estimates 

at execution time. 

Figure 5 shows a representative plot of the fitted spectrum function. 

Such plots typically produced quite good fits (x2 on the order of 3000 for a 

data set of about 1500 points and with 7 fitting parameters in the case of 

polyethylene, and slightly better in the solid methane ‘with 10 fitting 

parameters). 

Results 

Polyethylene 

We tracked 

moderators used 

in IPNS, was in 

the behavior of these parameters over the lifetime of both 

in IPNS. The polyethylene moderator, next-to-last installed 

place from October, 1983 until January, 1985, during which 
7n 

the target received 8 x lo-’ 450 MeV protons. We examined a total of ten 

data sets chosen to represent roughly logarithmically-spaced intervals spread 

over the lifetime of the moderator, using the cumulative proton number Np as 

a measure of the age-of the moderator. 

most 

Among all the parameters the thermal-to-epithermal flux ratio varies 

significantly, as shown in Figure 6. The function 

‘Th’ ‘epi = Aexp(-BNp) + Cexp(-DNp), (21) 
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SEPD RUN 638 
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The counting rate distribution from the ambient temperature polyethylene 

moderator after 8.0 x 1020 450 MeV proton irradiation of the IPNS 

target, as measured in a “l/v” detector. Circles represent every 25 
th 

data point. The various lines represent the Maxwellian and the slowing- 

down components and the time-.independent delayed-neutron background. 
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shown as the solid line in Figure 6, fits the data reasonably well. 

Similarly, we have fitted the ratio of the epithermal flux to the proton 

current, @ ./I to the function 
epi P 

@ epi/Ip = A’exp(-BfNp) + C’exp(-D’Np). (22) 

Figure 7 shows the data and the fitted function. Table 4 summarizes the 

fitted parameters and estimated errors. 

Table 4 

Fitted Values of Parameters in 4 /+ 
Th epi 

and @ ./I vs N 
epl P P 

‘Thi ‘epi 
a ./I 
epi P 

0.740 _L 0.048 dimensionless A’ 0.584 + 0.060 arbitrary units 

0.405 + 0.082 x 10e2’ protons-’ B’ 0.356 f 0.083 
xlo-2o -1 

protons 

2.49 + 0.078 dimensionless C’ 1.277 i 0.042 arbitrary units 

0.0072 + 0.004 x 10 -20 protons -1 D’ 0.0022 + 0.008 
x1o-2o -1 

pro tons 

We assert that D and D’ cannot be 0. in spi.te of their small values and low 

significance, since hydrogen still remains to be lost from the moderator (see 

Table 1.) The similarity of the coefficients B and B’, and D and D’ suggests 

that the same processes are responsible foi the changes in both $Th/+epi 

and @ ./I 
epl P’ 

The physical significance of these functions is hidden behind 

the relationship of the ratios $Th!iOepi and aepi/Ip to the material 

properties, and of the response of the material properties to irradiation. 

The remaining five parameters changed only slightly over the lifetime of 

the polyethylene moderator; we fitted linear functions to their dependence on 

pro ton number : 

ET = :38.96(i. + 0.00024 x li) 
-2O Np) 

E co = 178.4(1. - 0.0072 x 10 -2’ NI,) 

s := 3.59(1. - 0.0295 x 1O-20 Np) 

OL = 4.5 x 106(1. - 0.049 x lo-” “’ NP) 

(23) 

(24) 

(25) 

(26) 

The remarkable results are 
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7. The ratio of the epithermal neutron flux to the time-average proton beam 

current Q epi/Ip, for polyethylene as a function of the number of protons 

on target. 
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that the value of ET varies so little, and that the leakage exponent is very 

small; presumably this is because the data do not extend to sufficiently high 

energy, so that the cutoff exponent takes up most of the non-l/E behavior. 

Figure 8 shows the calculated ratio B/G epi as a function of proton 

number, in which the best fit for the delayed neutron fraction is 6 = .0024, 

which is about l/2 the value expected based on independent measurements. We 

attribute this error to the attenuation by materials in the beam path, which 

is not accounted for in the case of the polyethylene spectra, and to 

statistical imprecison in the fitted values of B. 

Cold Solid Methane 

We studied the performance of the solid methane moderator over a period 

of 21 days during which the target had received 1.23 x 102’ protons. During 

this period, we collected six spectra for study in order to relate the change 

in the fitting function parameters to the number of protons on target. 

Unlike those describing the polyethylene spectra, the parameters describing 

the solid methane spectra all displayed notable changes as the moderator 

aged. The ratio +Th/+epi changes significantly, as Figure 9 shows. The 

difference between the spectral temperture and the physical temperature shows 

a smooth, gradual increase with respect to the proton number as illustrated 

in Figure 10. We fitted the parameters of the fitting function either as a 

decaying exponential function or as a linear function of N 
P’ 

according to 

whether or not there seemed to be significant curvature in the relationship: 

@ /o 
th epi 

= 3.168(1 + 0.631 exp(-5.596 x 10m21 NP) 

+ ./Ip = 9.295(1 + 0.0683 exp(-1.037 x 10e9 Np)) 
epi 

(27) 

ET - kBT = 1.270(1 - 0.168 exp(-2.067 x 10e2’ ND)) (29) 

Eco/ET = 4.699(1 - 2.351 x 10 -22 NP) 

s = 6.169(1 - 1.322 x lO-21 NP) 

A = 0.542(1 - 0.188 exp(-4.846 x 10 -2C’ Np)) 

(30) 

(31) 

(32) 

EB = 306.44(1 + 2.743 x lO-21 NP) 

I 
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a. The ratio of the constant (delayed neutron) background to the epithermal 

neutron flux B/O epi ’ 
for polyethylene as a function of the number of 

protons on target. 
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9. The thermal to epithermal flux ratio Cp th/ *epi ’ 
for methane as a function 

of the number of protons on target. 
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10. The difference between the spectral thermal energy and the physical 

thermal energy of the moderator ET - kBT, as a function of the number of 

protons on target. 
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u = 2.174(1 - .1805 exp(-7.206 x 10s21 Np)) (34) 

That these changes in moderator performance have not been noted 

before may seem remarkable. However, IPNS is the first source having 

sufficient intensity to produce the large changes observed. The most-easily- 

determined parameter ET happens to remain almost constant in both CH2 and 

CH4, so that only those instruments which record the spectrum well into the 

epithermal range and sense a change in the spectral shape could detect the 

change in the ratio $ 
Th/$pi ’ 

Further, the deterioration seems to be about 

equally shared between the ratio @ /G 
Th epi 

and the ratio 0 ./I (each lo-25 % 
ep= P 

for the range of doses we examined); the latter represents only a scale shift 

which can be overlooked in face of short term variations in accelerator 

current and changes in collimators and monitor detectors, and obscured by 

gradual improvement in accelerator current. Figures 11 and 12 show the 

fitted time-average spectra of the polyethylene and solid methane moderator 

at various stages of change due to irradiation. 

decreases with increasing N 
P’ 

the curves in Fig. 

those for smaller Np due to variation of the shape 

Conclusions 

Although 0 ./I actually 
epi P 

12 for larger N lie above 
P 

and location of the bump. 

We have quantified the radiation-induced changes in the time-average 

spectra from polyethylene and solid methane moderators irradiated in 

Argonne’s Intense Pulsed Neutron Source, as a function of accumulated 

radiation dose. The polyethylene moderated spectra required a seven-parameter 

fit which describes the Maxwellian component and the slowing-down component 

of the intensity, and a constant delayed-neutron background. The fitting of 

the solid methane moderated spectra required a more involved function 

employing nine parameters. The functions fitted include a general form of 

Westcott’s joining function and, in the case of the methane moderator, a 

function designed to fit the pronounced bump at roughly 200meV. These 

provide accurate representations of the spectra at all observed stages of 

irradiation. We have derived an expression for an integral of the fitted 

spectral function, which is useful to interpret the delayed-neutron 

background. The data reveal a significant decrease in the ratio of thermal 

to epithermal neutron fluxes during irradiation for both of the moderators. 

The mean thermal energy, and the cutoff energy and the cutoff exponent in the 

joining function vary only slightly as a function of accumulated dose. The 

leakage exponent describing the epi:bermal spectrum for polyethylene has very 

small values, presumably due to the fact that the data fitted did not extend 

to sufficiently high energies. 
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11. The ratio of the flux per unit lethargy to the instantaneous proton 

current, for the IPNS polyethylene moderator, as a function of neutron 

energy, at different stages of irradiation, N . 
P 

The scale is arbitrary, 

but consistent for different values of N . From highest to lowest, the 

curves correspond to N = O., l., 4., 
P 

lo., and 20. x 102’ protons on 

target . 

LO1 001 -01 
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12. The ratio of the flux per unit lethargy to the instantaneous proton 

current, for the IPNS cold solid methane moderator, as a function of 

neutron energy, at different stages of irradiation, N . 
P 

The physical 

temperature is assumed to be 12. K for these curves. The scale is 

arbitrary, but consistent for different values of N 
P’ 

and different from 

that of Fig. 11. From highest to lowest at low energies, the curves 

correspond to N = O., Z., 6., 16., and 30. x 10 
19 

P 
protons on target. 
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Appendix 

Calculation of the Delayed Neutron Background 

We have fitted the function 

4(E) = aMB(E) f Qepi(E) 

to the time-average spectrum and wish the delayed neutron background 

B = S/T 
s 

;An(E)B(E)dE = @ epi 
6/T F. 

The purpose of this Appendix is to compute the integral F in the above 
expression, 

F=Qi /O 
Th epi s 

“(E1/2 
o 

/ET2)exp(-E/ET)dE + 

maxl/(l + (Eco/E) ’ -3’2(E/Eref)udE, )E 

where E is the energy (= 1 MeV) at which we assume the epithermal spectrum 
to go ai%%ptly to zero, approximately representing the upper limit of the 
primary source spectrum. The first integral is easily recognized as a gamma 
function 

s 
I( E1’2 /ET2)exp(-E/ET)dE = ET-1’21(3/2) = Jn/(2JEt). 

The second integral can be written 

maxl/(l + (Eco/E) )E ’ -3’2(E/E ref)adE = JEco(Eco/Eref)OL f, 

where f is identifiable as an incomplete Beta function. We need not appeal 
to this relationship, except to note that the integral converges for u < l/2 
when Emax is finite. It is convenient to express 

f = 
s 

1 x-1/2-a/(1 + xS)dx - Emin x 
-1/2-a 

/(l + xS)dx, 

withx=E /E and x. = E /E This form requires the additional 
condition go- a > l/2. mltfi th th~“su8!?~~ tut ion 

y = 2 

the first term is recognizable as a standard integral, 

l/s f 
m (l/2-a)/+1 
o Y /(l + y)dy = (n/s)/sin[n(l/2 - a)/s]. 

Since x . in the second term is 
lowest &%er in xmin, 

very small, we approximate the integral to 

s” 
min 

0 
~-l/~-~//(1 + x’)dx = 2x(1’2-a)/(l - 2a), min 

so that 

f = (n/s)/sin[ n(1/2 - t~)/s] - 2xmin (1’2-a)/(l - 24 I 

It is instructive to note that for small values of n(1/2 - a)/~, 

(n/s)/sin[ n(1/2 - a)/s] = 2) (1 - 2a), 
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which is the result for an abrupt (s + -) cutoff at E = Eco. 

Thus finally, 

F =@ /* Th epiJ”(‘~‘T) ’ “JEco(Eco/Eref)OLf, 

and 

B/O 
epi 

= (&/T)F, 

These re’sults for a # 0 seem not to have been worked out before, 
although the present result is similar in content to Westcott’s (g+rs) 
for a “l/v” absorber. 
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ICANS IX 

22-26 September, 1986 

SUMMARY OF INSTRUMENT 
SESSION - PART I 

GAVIN WILLIAMS 

I am going to share this summary with my co-chairman Kent Crawford. 

We had the oral sessions on Tuesday and an ad hoc round table discussion 
yesterday morning. I will summarise the Tuesday morning session which 
was concerned mainly with what I would call conventional inelastic spec- 
trometers. 

We had three direct geometry chopper spectrometers which are all at 
various stages of development. First was the HET spectrometer, whic.11 
we have heard a lot about at this meeting. The main components are 
the Fermi chopper and the large detector which is concentrated in the 

forward scattering direction. The Fermi chopper can work up to very high 

incident energies (there is one case where it was used up to 2 eV) and 

the versatility of the instrument comes from the ease with which you can 

change the incident energy (just by rephasing the chopper - in fact about 
three slit packages will cover the incident energy range from about 100 meV 

to 2 eV). The detector in the scattered flight path is in two main sections: 

in the forward direction between 3” and ‘7” there are 3He detectors and then 

the high angle detectors, from 9” to 29”, which was a scintillator bank but 
since the last meeting we have decided to replace this with 3He detectors. 

This is simply because the scintillator detector backgrounds were too high 
for the experiments we are trying to do with this instrument. Another thing 

that. we learnt, about, is the effect. of the Nimonic chopper (also ca.lled t.he 
background chopper). This is a rotat,ing ultra-fast shutter, which lowers 
the level of the signal at short times so that it now approaches the detector 

noise level, and this has been a very important factor in at least, two of our 

experiments. There is a vigorous scientific programme taking place on the 

instrument and I’d like to mention just three experiments; t,wo are magnetic, 



in which we have measured high energy crystal field levels in UOz, and the 
5=5/2 to J=7/2 p s in orbit excitation in SmP&; both involved transit,ion 

energies >lOO meV. C!urrently t,he high angle (SO’ - 140”) is being used to 

measure momentuiii dist,ributions in He-4. 

Now for the ANL correlation spectrometer which is similar in princi- 

ple to HET, but uses a cross-correlation technique where a “multi-energy” 
chopper replaces the “single-energy” Fermi chopper in the incident, beam. 

This is a correlation chopper, which is a wheel with a series of open and 

shut slits and slots in what is called a pseudo random sequence; it is run 

asynchronously with the source. The advantage of this sort of chopper 
spect.rometer is in the duty cycle. You are actually using simultaneously 
a whole range of incident. energies rat,her than the siugle incident energy 
in bhe conventional spec.tromet,er. What you act.ually do is you build up 

a two dimensional histogram - in one dimension you use the phase of the 
chopper and in the other the total time of flight; from this information you 

can actually pick out the spect,ra you would observe at a whole series of 
runs at, individual energies, and you get, a,11 that, information at, t,he same 

time. We disc.ussed t,he disadvantages of this sort, of spectrometer; one is 

that, t,he resolution varies quite considerably over t,he (&,o) space you are 

measuring although this is not, seen to be a disaclvant,age in many of the 

experiments act’ually carried out. The instrmllent is probably most useful 
for measuring S( Q, ) w in liquids and amorphous solicls, and t,hat in fact is 
what, it is being built) for. For example, by integrating over all w you can 
get a good measure of S(Q) and this does not, require the complex inelas- 

ticit.y corrections of normal S(Q) measurements on a liquids diffractometer. 
There is a result. from a very short rml wit,11 Vanadium, which shows tha.t 
the technique does in fact. work and the spectrulll contained just a hint, of a 
very weak inelashic signal. It. seems, at least. in principle, that, t,he met,hod 
actually works and we look forward to further development,s. 

The third chopper spectrometer, the one at, NBS, was describecl by Ian 
Anderson. Again a Fermi chopper is placed immedint.ely before t.he sa.mple, 

but. an important, feat.ure is the double cryst.al monochromat.or which takes 

the beam out from the main t.ube, and this will improve considerably t,lie 

background on this ma.chine. The resolution is det,ermined Lot.11 by t,he 

collimation provided bet.meen t.he t.wo cryst.a.1 monochroma.tors a.s dell a.s 

t.he chopper open time. Pyrolitic grap1iit.e cryet.als give a.11 excellent perfor- 
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mance at low energies. The incident energy can be changed continuously 
between 2 and 20 meV. The elastic resolution is typically 20 PeV for 20’ 

of arc collimation and they are going to add a PSD at angles somewhere 
between 0” and 10”. A relevant question for the future is to ascertain 
whether the beam transmitted through the first crystal can be used by 

a second spectrometer, since this opens up the possibility of multiplexing 
beam lines. This will bec.ome very important at our sources as the beam 
tubes get used up. I am very conscious of this already at ISIS and I think 
the same will be true at other sources, so we should look carefully to see 

how this spectrometer works out over the next few years. 

0 

Now 

It was pointed out that t&s would be a very suitable instrument :, 
for use at the hydrogen source on SINQ: the double mono&on&or 

system would solve at least part of the background problem; and 
the energy range mat&es the neutron spectrum expected from the 
lrydrogen source. I. 

. . 

This sort of spectrometer could also be useful at a conventional pulsed. .’ 
source. It is an instrument type being considered for ISIS and its : ‘.’ 

actual performance will be of considerable interest. ,., .; 

I come on to the inverted geometry spectrometers, and first ROTAX; “‘. 

Over the last five or six years, perhaps more, there have been a number of 

crystal-analyser spectrometers built at pulsed sources. They have been used 

very successfully for incoherent, scattering but as yet there isn’t a solution 
to the problem of doing coherent excitation work with single crystals(,,,We 

have heard over the years about constant-Q spectrometers: the MAX spec; 

trometer in Japan; the constant-Q spectrometer at Los Alamos; we have a 

spectrometer being built now at ISIS called PRISMA, which is rather simi- 
lar to MAX; all these spectrometers have the problem of how to get a good, 

constant-Q scan so as to try and compete in some way with the excellent 
performance you get, from t,he triple-axis ma.chine. We heard about an idea 
by Tietze and Geick in which if you actually oscillate or rotate the analyser 
crystals in a carefully phased manner, you can do scans which are at least, 
intermediate between what, you get on a const~ant-Q and a high symmetry 
spectrometer. It, gives you more flexabilit.y, is what, is claimed, in dhe (cc(, Q) 
scans possible. It’s a paper st.udy. at. bhis sbage and what, is now needed is a. 
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development programme to build suitable drive mechanisms to rot.abe t.hese 
crystals. Some of the scans require abrupt accelerations and dec.elerations 

of the crystal rot,ation and these may well be difficult to achieve; others 
require a simple monotonic variation of the analyser Bragg angles. I think 
we will have to wait. a year or so to find out, what. can act,ually be done with 

this met,hod. I think it is interestSing and something one should actually 

pursue as this problem of doing the coherent excitation work wit.11 single 

crystals is still with us. We still haven’t found a pulsed source equivalent 
t.0 6he triple-axis spect.romet.er. 

At this point there wa.s a .short discussion ahout triple-axis ma- 
diines wliich is summa.rised by saying, the triple-axis will not 
he replaced. It lvas also suggested that adequate attention Bias 
not yet been given to the focussing properties of time-of-f&lit 
instruments. 

Finally t,he Argonne eV spect.romet,er presentled by Kent, Crawford: t.his 
again has been with us for many years and is a met~hod of doing eV spec- 

t,roscopy using nuclear-resonance analysers; t.he prompt, gammas emitted 

when neut,rons are capbured at a resonance (t.hey use t,he 4.28 eV Tant.a- 
lum resonance and a BGO detecbor) are measured, so that, t.he energy at 

that~ resonance defines the scat.tered neut,ron energy. The resolution is de- 

termined by t,he width of the resonance. This spectrometer was designed 

mainly to measure low-Q processes; this means measuring at very small 
scat,tering a.ngles so a. major problem is to get, good signal to noise condi- 
tions. Let me t.alk about another of the problems first.: both t,he resolubion 
width in the energy t,ransfer and Q may be t.oo large for many experiments 
and I’m sure t.1la.t this problem neecls t,o be addressed much more seriously 
t,han in t,he past.. Nuclear resonance a.nalyser methods are more easily ap- 
plicable to moment.um distribution work at. high angles. The queshion that, 

people should address more seriously is t,he suit.abilit,y of t,he resonance de- 

tector and resonance filt,er t,echniclues for low-Q spectroscopy. We have t,o 

decide at some point. whet.her we are going t,o achieve the energy t.ransfer- 
or Q-resolut,ion we need t.o do int,eresting physics experimenbs. Even t!he 

possible experimems have not. been defined as well as we would like; t.his, 

I realise, is part,ly beca.use we are ent,ering a. completely new regime of 
physics. Progress has been made but. it. is lalting lot,s of effort. in a.11 labs 
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- at KENS, LANSCE, ANL and ISIS. Kent, showed some very Ace results 

where the signal to background has improved as time has gone along, but 

I thiuk we are still’ falling far short of the point where we can do actual 
experiments. Well, that’s my view! Kent has also used the technique, de- ’ 

veloped by Phil Seeger, of using difference measurements with thin and 
thick resonance foils to improve resolution. The improvement you actually 
get is still quite modest; you typically reduce the width by about 10 or 
20 meV in a line width that is closer to 100 meV (so you are getting a 20% 

reduction). You do get a much better line shape: it’s a uice shape but still 

80 meV wide! 

There was a long discussion in which the.following main points 

appeared: 

l The present resolution (80 Co 100 meV) is possibly sufli- 

cient to tackle many physics problems. However, it is also 

likely that such resolution could be achieved using different 

spectrometers. 

l There are ways of improving the resolution (further devel- 
opment of the difference teclmiyue, use of “better” reso- 
nances, use of cooling techniques etc); taken all together 
they could allow resolutions of the order of 30 meV to be 
reached (this caused the comment “That sounds interest- 

ing!“). The number of scattered neutron energies would 

nevertheless be limited. There are still more basic prob- 

lems which have to be solved first, principally that of signal 

to background. If one is going to make the effort (and it 

does take some effort to do it), there is undoubtedly some 
nice physics to be done. 

;2; 

” : 
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ICANS IX 

DOW& COLLABORATION CN AIlvANcED NEXIXON SCXJBCES 

22-26 September, 1986 

HET : THE HIGH ENERGY INELASTIC SPECTROMETER AT ISIS 

A D Taylor, B C Boland and Z A Bowden 

Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire. UK. 

INTRODUCTION 

The HET spectrometer is’ a direct geometry chopper spectrometer designed 

specifically to study systems at high energy transfer E with,low associated 

momen turn transfer Q and good energy transfer resolution As. This is achieved 

by monochromating at high incident energies (100-2000 meV) and scattering at 

low angles (3’-30’) 

Fields of interest include: 

l High frequency localised magnetic excitations such as crystal 

field and spin-orbit transitions in 4f and 5f electron systems, 

where the electronic form factor severely reduces intensities 

when Q is greater than 4 A-‘. 

l Vibrational spectroscopy where the low momentum transfer 

minimises multiphonon effects and the excellent energy 

resolution, particularly at high energy transfer allows new 

features to be distinguished. 

0 Coherent excitations at high energy transfer in itinerant 

ferromagnets where again form factor considerations severely 

limit the available intensity. 
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In addition a high angle detector array allows measurements to be made at high 

energy transfer and high associated momentum transfer. Such measurements probe 

the momentum distribution of particles and is of particular interest for 

quantum systems such as hydrogenous materials and the helium liquids. 

INSTRUMENT 

The spectrometer is illustrated in Figure 1 and details are given in Table I. 

The monochromating chopper, located 10 m from the source, spins on magnetic 

bearings at frequencies up to 600 Hz and produces a sharp (“1~) burst of 

neutrons on the sample. Three different slit packages each made of 

boron-fibre/aluminium composite are optimised to give peak transmission for 

1000 meV, 500 meV and 250 meV neutrons. By rephasing the chopper opening time 

with respect to the accelerator pulse and by spinning at reduced multiples of 

the ISIS frequency, monochromatic beams of neutrons ranging from 100 meV to 

2000 meV may easily be produced, see Figure 2. Such versatility has been 

invaluable in optimising the resolution and momentum transfer characteristics 

of the spectrometer for a given experiment. 

The primary flight path and the entire spectrometer are under rough vacuum, 

and the sample chamber is turbo-pumped to a cryogenic vacuum. Almost all 

samples are run at low temperature. All internal surfaces of the spectrometer 

are lined with tiles of a low-hydrogen B4C mix to minimise the scattering of 

high energy neutrons, and the same material is used as a shield behind each 

detector. 

Detectors 

Scattered neutrons are detected 4 m from the sample in a low angle array 

(3’-7’) of 3He gas tubes, at 4 m in a movable high angle array (80°-140’) and 

at 2m in an intermediate angle array (lo’-30’). Originally the low angle bank 

was complete, but only a test octant of 2mm glass scintillators were used at 

the 2 m position. It was know:1 that the intrinsic background (0.5 n/cm2/min) 

in the considerably less expensive scintillator detectors was a factor of 100 

worse than achievable with gas detectors, but before operational experience it 



was not known whether this intrinsic background would be dominated by all 

other sources. One result of the quality of spectrometer shielding and the 

separation by time-of-flight of fast neutron background from signal neutrons 

was that the major background source for incident energies below 350 meV was 

the intrinsic noise of the detectors. The difference in intrinsic noise levels 

may be clearly seen in Figure 3. Signals clearly observed with the gas 

detectors were not seen in the scintillators. An early decision was taken to 

use gas detectors throughout the spectrometer. All detectors are now 10 

atmosphere 3 He tubes 2.54 cm diameter. The majority have 30 cm active lengths, 

but some 20 cm and 15 cm active length detectors are used in constrained 

geometries at low angles. 

For safety and reliability reasons, the large thin window at 2 m is being 

replaced in Spring 1987 by an eightfold array of locally thin windows, see 

Figure 4. This configuration will have 32 detectors mounted immediately behind 

each window at a distance of 2.5 m from the sample. A total of 256 detectors 

will be used. The inner four detectors of each group will have a 20 cm active 

length. The outer 28 will have a 30 cm active length. In the current (October 

1986) configuration there are four arrays of 25 large detectors in the 

horizontal and vertical locations. 

Choppers 

The chopper control system, whereby the chopper is phased to a master 1MHz 

oscillator which controls extraction .from the accelerator, has proved to be 

very effective in the majority of cases. An additional veto system has been 

introduced which rejects data on a frame by frame basis unless an optical 

monitor of the chopper indicates that the chopper is at the correct time delay 

with respect to the extracted proton burst. This has eliminated a 10% jitter 

which occurred under some accelerator operating conditions. 

The background suppressing chopper, located upstream of the monochromating 

chopper, has been recently commissioned. This chopper blocks the beam during 

the power pulse (see Figure * in reference [l]) with 30 cm of nimonic alloy 

and prevents fast neutrons from entering the spectrometer. A substantial 

reduction in background was obtained, allowing experiments to be performed 

with incident energies up to 2000 meV. 
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EXPERIMENTAL PROGRAMME 

Proposals from the UK neutron scattering community for time on HET have been 

considered in four categories: Vibrational Spectroscopy; Isotropic Magnetic 

Scattering; Momentum Distributions and Single Crystal Excitations. Preliminary 

experiments have now been performed in all four categories with considerable 

success. 

Vibrational Spectroscopy 

The versatility resulting from the ease of energy selection proved to be 

invaluable in optimising many experiments. This is well illustrated in a study 

of structure in the harmonics of the librational modes in NH4Cl by Goyal et al 

[21* The harmonics occurring around 95 meV and 140 meV are shown in Figure 

5(a) where the incident energy is 160 meV. Reducing the incident energy to 120 

meV ( Figure 5(b)) significantly improves the resolution of structure in the 

first harmonic, but of course does not allow the second harmonic to be 

observed. The resolution characteristics of the spectrometer are summarised in 

Figure 6 as a function of the fractional energy transfer E/E. In this case the 

choice of momentum transfer Q is not critical. 

Isotropic Magnetic Scattering 

In magnetic systems the choice of incident energy is more subtle, since the 

incident energy controls both the momentum transfer (and hence through the 

form factor, the intensity) and the resolution. The experiments on crystal 

field transitions in U02 by Osborn et al [3] used 360 meV neutrons to show the 

magnetic nature of the signal by studying the form factor variation, then 

sacrificed intensity for resolution and Q range by using 290 meV incident 

energy neutrons, see Figure 7, to resolve the F5-->F4 triplet (7 meV), and 

finally resolved the F5-->F3 doublet (3 meV) on the limit of the form factor 

intensity with 230 meV neutrons. 

The strong epithermal component in the ISIS spectrum was exploited in several 

experiments. The J-->J+l spin-orbit transition at 129 meV in Sm3+ ions in 

metallic SmPd3 was observed for the first time [4] and its form factor 

dependence measured (see Figure 8). An incident energy of 610 meV was used 
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exploiting a minimum in the absorption cross-section of natural samarium. 

Previous neutron studies of samarium compounds have only been possible on 

isotopically enriched systems. 

Momentum Distributions 

Using the high angle bank and neutrons with incident energies in the range 800 

meV to 2000 meV, preliminary studies were made of high momentum transfer 

scattering from polycrystalline lithium 151, again without the need for 

isotopic enrichment, and liquid helium, both in the superfluid and normal 

phase. 

Excellent data [6] were obtained on normal helium at high resolution and free 

from background from the cryostat. These data are shown in the Figure 9. The 

mean kinetic energy determined from a fit of the impulse approximation 

lineshape is significantly lower than previous measurements and is closer to 

the value from Green Function Monte Carlo calculations. Deviations from the 

impulse lineshape due to final state effects are being investigated. The error 

analysis is still in progress, but conservative estimates give <KE> = 13.2 +/- 

0.5 K. 

Single crystal Excitations 

Preliminary test measurements were carried out on a single crystal of Pd3Fe by 

Mitchell et al [7] to study methods of crystal alignment for future coherent 

excitations experiments. The crystal was easily aligned on a room temperature 

goniometer using white beam techniques (chopper removed) and then checked with 

monochromatic neutrons. Inelastic scans gave encouraging results and several 

points on the magnon dispersion curve previously measured by a triple-axis 

spectrometer [8] were observed. For example, Figure 10 shows a magnon at 66 

meV along the 111 direction . Unlike their isotropic counterparts, such 

experiments use only a few in-plane detectors and hence require significantly 

greater neutron intensity. 
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CONCLUSIONS 

In addition to commissioning the spectrometer, an excellent start to the 

scientific programme has been achieved. In the field of vibrational 

spectroscopy, measurements have been made on the metal hydride systems ZrNiHx 

and VH2, on molecular species such as KH2P04 and solid and liquid formic acid, 

in addition to the NH4Cl data described above. The suitability of the 

spectrometer to study high energy magnetic excitations has been well 

established by the work on SmPd3 and UO2. Work on momentum distributions and 

coherent excitations has only just begun but the low intensity tests are very 

encouraging. 

ACKNOWLEDGEMENTS 

We would like to thank T J L Jones, J Parker and M Fisher for their work on 

the chopper systems, T Mott and R T Lawrence for electronic assistance, H E T 

Users for their patience during commissioning, D Abbley for technical help and 

J R J Bennett and the Sample Environment Group for their assistance. A special 

thanks is due to the engineers, physicists and operations crews of ISIS for 

their hard work and dedication. 

REFERENCES 

[II 

[21 

131 

141 

151 

[61 

[71 

[al 

191 

T J L Jones et al These Proceedings 

P S Goyal, ISIS Internal Experimental Report, HET/IER/P7/86 

R Osborn, ISIS Internal Experimental Report, HET/IER/P6/86 

S Culverhouse, ISIS Internal Experimental Report, HET/IER/P8/86 

M Hewitt, ISIS Internal Experimental Report, HET/IER/P20/86 

P E Sokol, ISIS Internal Experimental Report, HET/IER/P17/86 

P W Mitchell, ISIS Internal Experimental Report, HET/IER/P21/86 

A J Smith, W G Stirling and T M Holden, J Phys c, 2411 (1977) 

E Balcar and S W LOVSE,~, J Phys C19, 4605 (1986) 

354 



TABLE I 

Specification 

Incident energy 

Energy transfer 

Momentum transfer 

Resolution 

Instrument 

100-2000 meV 

20-500 meV 

Depends on incident energy, energy transfer, 

and angle of scatter, eg 2.5 A 
-1 at 200 meV 

transfer; 40 A-l (maximum) using high angle 

detector 
\ 

ARO/EO = 0.7% 

Beam 

Moderator 

Background Chopper 

Chopper 

Sample position 

Beam size 

Detectors 

Intensity at sample 

Sample environment 

Data acquisition 

N9 

316K H20 poisoned at 1.5 cm 

8 m from moderator, closed at t = 0. 

lO.Om from moderator, 600 Hz phased to ISIS 

pulse + l/2 us 

11.8m from moderator 

50 x 50 mm2 max 

3’-7’ 4m counter bank: 50 10 atm 3He 

loo-30’ 2m counter bank: 100 10 atm 3He 

80°-140°.4m movable bank: 10 10 atm 3He 

4.4 x lo3 n cm -2 s-1 at E. = 1 eV (full ISIS 

intensity) 

Accepts standard sample environment equipment 

VAX11/730 
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Figure 2 The calculated transmission characteristics of the medium energy 
HET chopper. It has an effective slit width of 0.89 mm and a 
radius of curvature of 1.32 m, which give it a peak transmission 
of 515 meV when spinning at 600 Hz. The data points are an 
experimental determination of the 600 Hz performance. By reducing 
the frequency to a lower multiple of the ISIS frequency, the peak 
transmission may be shifted to lower energies. (Eg: lO*ISIS = 500 
Hz is optimised for 360 meV and 8*ISIS = 400 Hz gives 228 meV 
neutrons.) 
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A comparison of th% time-of-flight response of the 
3 He gas 

detectors and the Li glass scintillators. The difference in 
intrinsic background which dominates at long times is obvious. 
These data have been corrected for differences in solid angle. 
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Figure 4 The eight-fold array of thin window and detectors whichowill 
provide continuous angular coverage at 2.5 m between 10 and 30’. 
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Figure 5 These data show inelastic scattering from the librational modes of 

NH4 
in NH4C1 at two different values of incident energy. The data 

from the 4 m low angle array required 140 PA-hr of protons with an 
incident neutron energy of 160 meV, figure 5(a) and 50 yA-hr at an 
incident neutron energy of 120 meV, figure 5(b).The fractional 
energy transfer at 98 meV is 0.61 and 0.82 respectively. The 
improvement in resoiutican is in agreement with the calculation of 
Figure 6. 
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Figure 6 The calculated resolution of the 2 m and 4 m detector arrays on 
HET as a function of the fractional energy transfer E/E. 
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The spectrum of crystal field excitations in UO at 12K measured 
in the 4 m low angle array ( + = 5’) at an inci ?I ent energy of 290 
meV. These data were recorded in 512 VA-hr using 80 g of sample. 
Previous measurements on BET at 360 meV had established the form 
factor dependence of this signal, but with insufficient resolution 
to identify details of the transitions involved. A subsequent 
measurement at 220 meV was able further to resolve the signal, but 
only at the limits of signal to noise. 
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7b The resolution and momentum transfer characteristics of HET 
calculated for the 160 meV UO excitations as a function of 
incident energy. These data a low 1 the experimentalist to optimise 
the choice of incident energy by balancing resolution against Q 
(and hence, because of the form factor associated with magnetic 
scattering, intensity). 
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a: 
The spin-orbit transition in Sm3+ measured in 265 VA-hr at an 
incident energy of 611 meV. These data correspond to scattering 
angles between 3.4” and 7’. 
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Figure 8b Th5+observed form factor of the above spin-orbit transition in 
SI5 compared with the calculations of Balcar and Lovesey (91. 
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Recoil scattering at 450 meV from liquid helium at 2.5 K measured 
at an angle of 124’. The incident energy was 828 meV giving a 
momentum transfer at the recoil energy of 30 A- . These data were 
collected in 1100 uA-hr and the background from the cryostat in 
250 PA-hr. 

t 
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Figure 10 The excitation at 66 me\ is a magnon in the 111 direction of Pd3Fe 
measured in 300 PA-hr with an incident energy of 230 meV. These 
data are in agreement with the dispersion curves of reference [8]. 
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ICANS IX 

INTEBNATIoNALtX&LABO~TIONoNAwANcED~souRcES 

22-26 September, 1986 

TEST OF A CORRELATION CHOPPER AT A PULSED 

SPALLATION NEUTRON SOURCE* 

R. K. Crawford,** J. R. Haumann,+ G. E. Ostrowski,** 

D. L. Price,* and K. SkBldt 

Argonne National Laboratory 

Argonne, Illinois 60439 

1. Introduction 

The use of correlation time-of-flight techniques at steady-state 

neutron sources is well established,’ and has proved to be highly 

effective in certain extreme situations, for example, highly absorbing 

samples such as liquid helium-3 .2 In a typical use of this method, a 

conventional chopper with one pulse per revolution is replaced by a 

chopper or .other device providing a pseudo-random sequence of pulses. 

Used either with a white beam (for diffraction), or with a beam 

monochromated with a crystal analyzer (for inelastic scattering), the 

conditions of the experiment are essentially unchanged, except that the 

duty cycle is increased by a factor of order N, where N is the number of 

pulses produced over the period T of the conventional chopper. Because 

the different data points in the experimental spectrum after analysis have 

*Work supported by the U. S. Department of Energy, BES-Materials Sciences, 
under Contract W-31-109-Eng-38. 

**IPNS Division. 
+Electronics Division. 

*Materials Science Division. 
tvisiting Scientist from Studsvik Science Research Laboratory, Sweden. 

The submitted manuscript has been authored 
by a cc,nfractc,r of the U. S. Government 

nonexclusive, royalty-free license to publish 
or reproduce the published form of this 
contribution, or allow others to do so. for 
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correlated errors, the statistical gain is in general less than M but may 

still be appreciable in certain circumstances. 1 

With a pulsed source, the conventional chopper has the primary 

function of monochromating the beam rather than pulsing it (although it 

may also have the function of sharpening the pulse in time). In thi.s 

case, the replacement of the conventional chopper by a pseudo-randon 

pulsing device has the effect of providing a sequence of measurements at 

diffeient incident velocities, i.e., different incident energies. The 

statistical comparison in this case becomes Less straightforward because 

the resolution of each measurement is different. An estimate of the gain 

factor therefore involves an assessment of the range of inctdent energies 

over which the data remains useful, and of the relative value of redundant 

data taken with different resolution and statistical accuracy at different 

incident energies. Nevertheless, it appears that the method should be 

favorable in certain cases,’ similar to the situatFons (low 

signal/background, high peak-signal/average-signal) where correlation 

techniques are favorable in the steady-state situation. At Least one 

demonstration of a statistical chopper in a pulsed beam has been carried 

out, in this case at a pulsed reactora 

In addition to providing an efficient measurement of the inelastic 

sc3tteting functfon S(Q,E), this technique cnuld be vaLuahlc in measure- 

ments of the elastic =ztrtictllr? factor S!r),O) of amorphous 3r ..Iisordered 

crystalline solids, by providing an enarzy analysis which selects the 

rlastCc scattering 011t of the total strilcture factor S(Q) .5 

In view of these considerations, it sce;qcd worthwhIle to carry out a 

Feasibility test of the technique at TPbiS. :Iue to the restricted beam 

ti;ne available for this measurement, shortened f llrther by an unforeseen 

accelerator breakdown, the data obtained during this test ace very 

limited. Nevertheless, some spt!ctra Mere obtained and analyzed 



successfully, establishing the feasibility of the technique and providing 

some indication of its usefulness and limitations at a pulsed spallation 

source. 

2. Principle of the Method 

The method is already discussed at length in the literature3’5 and 

only a brief outline will be given here. A schematic illustration is 

given in Fig. 1. We consider a chopper with N elements which may be open 

or closed [F(j) = +l or -1, respectively]. The transmission of the chop- 

per for a neutron arriving at time j is then 

F’(j) =+ [F(j) + 11. (1) 

where the time is expressed in integral multiples of 6, the pulse width of 

a single element in the correlation sequence. Suppose that the chopper is 

phased so that the start of the correlation sequence (j=O) occurs at a 

time R after the source pulse. Then the intensity recorded in a de tee tor 

at time k relative to the source pulse is 

i +N 
min 

J(R,k) = 1 

i imin 

F’(i-R)S(i,k-1) + Bk 
= 

(2) 

where S( i, j) is the signal recorded with a conventional chopper for 

incident and scattered flight times i and j, and Bk is the background at 

time k uncorrelated with the chopper. 

We define 

S(i,j) G 0, i < L and/or j < 1, (3) 

367 



and assume that, for any k, only i values within the range 

(i imin min' + N) for some imin contribute. (The generalization to cases 

where this is not true is analogous to the frame-overlap situation with a 

conventional chopper.) 

We now consider a measurement such that all values of R = 1,2.....N 

are encountered with equal probability, and perform a cross-correlation on 

the data obtained: 

K(i', k-i') =+ ; F(i' - 
11=1 

R) J(ll,k) 

i=i 
1 

N =- 
N m!n+N N 1 F(i’-R)F’(i-t)s(i, k-i) +; c F(i’-I1)Bk* 

i=i 
R=l R=l 

min (4) 

Let us choose a particular sequence F(j) obeying these conditions: 

N 

1 F(j)=1 
J=l 

(5) 
N 

1 F(j) F(k) = (N+1)6 -1 . 
j=l jk 

Then Eq. (4) reduces to 

K(i’, k-i’) = (g) S(i', k-i') +f Bk. 

[The restrictions of the range of i in Eq. (2) are needed because the 

Kronecker delta in Eq. (5) is defined modulo N.1 It is seen that K(i', 

k-i') reproduces the single-pulse scattering function but with a duty 

cycle (N+l)/2N - l/2 compared with l/N in the single-pulse case. The 

uncorrelated background only coi.tributes with the duty-cycle l/N. 
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It can be shown the statistical gain with the correlation technique 

compared with the conventional technique is 

[tel. var. 

g(i’k) ’ [rel. vat 

S(i, k-i) lconv 

l S(i 9 k-i)] 
corr 

S(i,k-i) + Bk 
= xM 9 (7) 

2 1 s(i, k-i) 
i 

where M is the number of conventional measurements with the same run time 

that would be needed to give the required information. For example, for 

elastic scattering when the Debye-Waller factor is not too far from unity, 

we may expect S(i,k-i) N 1 S(i,k-i) >> Bk and so g N M/2 N N/4 if about 
i 

one-half of the number of different chopper phases give useful 

information. 

3. Experimental Configuration 

The experiments were carried out at the CRMECS spectrometer with the 

usual Fermi chopper replaced by a correlation disk chopper of the type 

used in Ref. 2. [For the present measurements, however, the pattern 

satisfied IF(j) = +l, Eq. (51, instead of -1 as for the. chopper used in 

Ref. 21. The sequence of N = 251 elements (226 open, 225 closed) was 

defined by a pattern cut into a Gd203-epoxy coating on one surface of the 

disk over the radius interval where the disk is illuminated by the beam; 

the thickness of Gd was estimated as 0.21 x 10W3 atom/cm2. The trans- 

mission was measured in a separate experiment to be (10% up to about 

150 meV, after which it rose rapidly to 50% at about 230 meV. In order to 

attenuate the fast neutron component in the beam, a single crystal of 

369 



silicon, 15 cm long x 12.5 cm diameter, was placed in the incident beam 

directly in front of the chopper window. 

The chopper was run at a period N6 = 5020 usec, giving 6 = 20 usec, 

which was also chosen as the channel width for the collection of time-of- 

flight data and the recording of the chopper phase, i.e., the indFces k 

and II in J(ll,k), Eq. (2). The conditions of having all values of R occur 

with equal probability was satisfied simply by running the chopper 

asynchronously with the source. Data were recorded for total flight times 

corresponding to k = 50 . . . ...306. and eight detector groups corresponding 

to upstream and downstream beam monitors and scattering angles of -5.7', 

14.1', 29.7', 63.3', 91.5', and 116.7'. 

The LRMECS data acquisition system, with some modifications, was used 

for this test. This system has been previously described,6 so only the 

modifications made for this test are described here. The ordinary IPNS 

discriminator modules produce a 24-bit data word for each neutron event. 

Within this word, 20 bits contain time-of-flight information, 3 bits 

identify the detector input within the module, and one bit is used for 

status information. For the correlation chopper test, four such 

discriminator modules were modified so that the 20 bits which were 

previously used for time-of-flight informatfon are now divided into the 

least significant 8 bits, which are used to represent the chopper phase 

relative to the accelerator to pulse, and the more significant 12 bits, 

which are used for time-of-flight information (see Fig. 2a). 

A magnetic pickup placed on the chopper generates one pulse per 

chopper revs Lu tion. This pulse and the accelerator to pulse are fed into 

a CAMAC module which was built especially for the correlation chopper 

operation. This module digitizes the time between the last chopper pickup 

pulse before the accelerator to pulse and the to pulse itself (see 

Fig. 2b). This chopper phase irAC>rmation is digitized to 8 bits, allowing 
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chopper phase values from 1 to 256. This slightly exceeds the actual 

range of 1 to 251 used for this test. Each chopper phase value covers .a 

span of 20 usec, which is determined by a scaler counting the ~-MHZ time- 

of-flight clock signal. This 8-bit phase value is latched for use 

throughout the time until the next to pulse, and is made available on the 

back of the CAMAC module.. 

The modified discriminator modules have connectors installed on the 

back so they can all be connected by ribbon cable to the 8-bit digitized 

phase information. The internal connections on these modules were 

modified to prescale the ~-MHZ clock signal to provide a basic time-of- 

flight clock period of 2 psec for these modules, to shift the resulting 

digitized time-of-flight information to the more significant 12 bits of 

the 20 bits previously used for time-of-flight, and to put the 8-bit phase 

information appropriate to this to pulse period into the least significant 

8 bits in this 20-bit region (see Fig. 2a). As before, three of the 

remaining four bits in the 24-bit data word contains the detector address 

for the event and one bit contains buffer status information. 

The normal IPNS histogramming software on the 28001 microprocessor 

was modif ied to separate the 12 bits of time-of-f light and the 8 bits of 

chopper phase information. It then calculates the histogramming time- 

channel from the time-of-flight in the normal way. A maximum of 256 time- 

channels are allowed, and the width of these time-channels and the 

starting time of the first channel can be varied subject to the constraint 

that there is only 12-bit information available (4096 possible time-of- 

f light values, spanning a range of f-light times from 0 to 8192 psec). For 

this particular test, all detector g;roups use 20-psec time channels. 

Finally, the actual channel to be incremented is calculated as 

channel = 256 x phase + time-channel. 
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This channel constitutes an offset within the phase-time spectrum for the 

detector producing the event. Events from different detectors can be 

grouped together, and for each such group of detectors this phase/time 

spectrum starts at a different location in the histogramming memory. Each 

such spectrum is preceded by two channels used to store the sum over the 

spectrum, and this sum is incremented whenever an event is histogrammed in 

the corresponding spectrum. With this his togramming scheme, 

(256 x 256 + 2) 16-bit channels are allocated in memory for each detector 

-group. Since only 251 chopper phase values are 

chopper used in this test, some of these memory 

used. However, this inefficiency in the use of 

resulting simplification in the software and in 

ming speed. 

actually possible tiith the 

channe 1s LJe re never 

memory is justified by the 

the increase in histogram- 

Each event is histogrammed only once, and on-the-fly time-focussing 

is not permitted, 4side from these minor differences and the differences 

in his togramming no ted above, which are necessitated by the inclusion of 

the chopper phase as a variable, the 28001 software is unchanged from that 

used by the standard IPNS systems. The run-setup software on the 

PDP 11-34 computer was modified to account for the allocation of channels 

to each detector group as noted above, and to incorporate the fact that 

the basic clock period used for time-of-flight in this system is 2 usec 

rather than the 0.125 !lsec used in the standard systems. Otherwise, the 

run-setup software is essentially the same as for normal IPMS runs. No 

other PDP software was changed for this test. 

4 run was carried out on a standard vanadium sample, 1.08 mm thick, 

placed at an angle of 45” to the beam in transmission geometry. Data were 

collected for 4.5 h before an accelerator breakdown occurred (the only 

major breakdown in five years OL IPNS operation!) necessitating an 
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extended shutdown during which the correlation chopper setup had to be 

dismantled to make way for scheduled LRMECS experiments. It was thus not 

possible to carry out the planned program of an extended vanadium run 

followed by a background run and measurements on a series of glass and 

liquid samples. Nevertheless, the vanadium data obtained provide a 

demonstration of the feasibility of the technique. 

4. Results 

The vanadium data were analyzed with the usual set of programs for 

chopper spectrometer data analysis,’ modified to carry out the deconvolu- 

tion of Eq. (4). A s a result, data were obtained for essentially 251 

different time-of-flight measurements, each corresponding to the different 

possible phases i’ in Eqs. (4) or (6). A typical set of data, for the 

upstream beam monitor and the 91’ detector group at 3.’ = 201, is shown in 

Figs. 3-4. The cross-correlation procedure clearly gives the correct 

results for the peak positions and background. 

Compared with usual results with the Fermi chopper, the peaks in both 

monitors and detectors appear symmetric, and the , latter are centered at 

the calculated E = 0 position. Presumably this is because the chopper 

opening time for a single slit (20 psec) is symmetric and long compared 

with the width of the (asymmetric) source pulses at the energies used. 

For the 91’ detector, the elastic peak from the vanadium is clearly 

distinguished, but there is only a hint of the much weaker inelastic 

scattering in the region E = 5-20 meV. 

Figure 5 shows a plot of peak positions in the time-of-flight spectra 

for some of the phases analyzed. The data fall on straight lines for each 

monitor and the detector. The t-0 intercept falls at a phase 

i’ = - 73.4, -73.2, and -73.4, respectively, for Monitor 1, Monitor 2, and 

the 91’ detector, which implies that, within the accuracy of the 
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measurement, the pulse of neutrons leaves the source at t=O for all the 

neutrons measured. Taking the previously measured Monitor l-Monitor 2 and 

Monitor l-sample distances of 4.755 m and 0.462 m, these values imply a 

source-sample distance of 6.90 m, compared with the nominal value of 

6.84 m, and an effective sample-detector distance of 2.52 m compared with 

the expected value of 2.50 m. 

The energy resolutions measured for the elastic peaks in the 91’ 

detector were 1.5, 3.2, and 16.2 meV FWHM for E, = 17.5, 25, 98 meV 

respectively. This gives AE/E, = 9, 13, and 17% for the three energies, 

compared with the typical value of 8% with the Fermi choppers. This could 

he improved, of course, with the use of a shorter time element on the 

chopper. For a mechanical disk chopper, this requires a narrower slit 

defining the beam which considerably lowers intensities, or a higher speed 

of rotation. Other methods, for example, based on white-beam polarizers 

and spin flippers, 8 could in principle be used also. However, even with a 

negligible burst time at the chopper, the resolution will at best ha 

constant in AE/E,. so that AE will increase linearly with E. This Ls a 

serious deficiency of the method if it is used for determining the elastic 

structure factor in glasses, as proposed in Ref. 5. 

Another possible use of the correlation technique to study the 

structure of fluids and disordered solids is to derive the structure 

factor S(Q) from the area of S(Q,E) at constant Q. A correlation chopper 

spectrometer operating on a pulsed polychromatic beam covers a substantial 

range of the (Q,E) plane--in Eact, with considerable redundancy--and thus 

fn princi.ple allows the determination of S(q) in this way. This 

procedure, for which resolution is not as critical as Ear the measurement 

of Y(:‘I,O), avoids the kinematic corrections (the so-called Placzak 

corrections) tihich are necessary for data obtained in conventional total 

scatterfng measurements at both pulsed and steady-state sources. The 
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statistical efficiency of this approach has still to be evaluated, 

however. 

In conclusion, the correlation technique at a pulsed spallation 

source using a mechanical pseudo-random chopper is found to be technically 

feasible and can be accomplished with relatively minor changes to a 

conventional chopper spectrometer. The strong variation of resolution 

with incident energy is a serious disadvantage for some applications. 

There may be specific instances in which the method is advantageous to the 

conventional chopper at such a source, but these remain to be identified. 
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Introduction 

A schematic outline of the new high resolution time-of-flight 
spectrometer which is designed for quasielastic or near elastic 
studies is shown in Fig. 1. This spectrometer which is presently 
undergoing commissioning tests is situated at a 15 cm diameter 
beam port at the NBS research reactor and will view the new D20 
ice cold source when installed (1). The spectrometer uses a 
double monochromator system followed by a simple Fermi chopper 
to pulse the resultant monochromatic beam. This decoupling of 
the monochromating and pulsing functions allows greater flexibi- 
lity in optimizing the parameters of each independently. Since 
the instrument comprises a large detection area close to the 
reactor face, particular attention has been paid to proper design 
of the shielding of all parts of the spectrometer in order to 
reduce detected background. Initial optimization of the shielding 
allowed this background to be reduced to less than one count per 
minute per detector. 

Monochromator 

b) 

Cl 

The double monochromator was chosen for several reasons: 
the secondary monochromatic beam is removed from the primary 
beam thus facilitating the task of shielding against a signi- 
ficant fast neutron background, 
the incoming energy may be readily selected from a con- 
tinuous range without having to displace large components, 
in cases where floor space is a constraint such as at beam 
positions close to a reactor face or moderator, then it is 
convenient to have the secondary beam parallel to the incident 
beam. 

The effects of the second crystal on the monochromatic beam 
are threefold: the intensity is reduced by the peak reflec- 
tivity of the crystal; furthermore the effective mosaic spread 
of the system is reduced by a factor of &?in the case of 
similar crystals and finally the beam divergences before the first 
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crystal and after the second crystal in such a system are 
identical for similar crystals. The reduction in the effective 
mosaic can be allowed for by suitable choice of crystals while 
the correlation of the incident and exit beam divergences pre- 
cludes the need for an in-pile collimator which would be dif- 
ficult to access due to radiation problems since an easily 
accessible exit collimator is sufficient. However the use of 
a collimator between the two crystals is essential to reduce 
multiple reflections and allow complete flexibility in the 
choice of the incident energy resolution. Thus for two iden- 
tical collimators of full width, a, before and after the second 
crystal, the effective beam divergence is given by a//? which 
is independent of the crystal mosaics0 Thus the resolution in 
energy may be chosen at will within the constraints of inten- 
sity, 

At present pyrolitic graphite crystals are used with indi- 
vidual mosaic spreads of 40'. These are mounted on rotary 
tables which in turn may be translated parallel to the incident 
beam direction. A rotating shielding drum containing a col- 
limator is situated between the two crystals. In normal opera- 
tion the rotation of this drum is coupled to the translational 
movement of the crystals thereby assuring the automatic align- 
ment of the collimator, however the drum may be turned inde- 
pendently to allow the collimator to be removed via a remov- 
eable plug in the monochromator shielding. The rotations of 
the two crystals and the collimator drum are directly coupled 
to vector resolvers as absolute encoders and in case of failure 
of these encoders a back-up system using optical switches is 
installed, 

The incoming wavelength may be selected from a continuous 
range between 2,2 8 and 6.6 8 using this system. For wavelengths 
above 4 2 a cooled Be filter may lowered into the beam to re- 
move neutrons from higher order reflections. 

Chopper 

This device is a multiple slit Fermi chopper which effectively 
decouples the neutron burst time from the beam parameters0 The 
rotor consists of a hollow aluminium cylinder 7.6 cm in dia- 
meter and 12.7 cm high spinning about a vertical axis, Two slit 
packages are available which have slit widths of 0 

a 
0635 cm and 

whose curvature and lengths are optimized for 1.5 and 4 8 
neutrons respectively. The chopper is drivenby atwo phase 
hysteresis motor at speeds ranging from 10000 to 18000 rpm 
depending on wavelength and frame overlap conditions, A security 
system monitors: 
a) the current in the chopper, 
b) synchronous rotation cf the chopper and drive signal, 
c) chopper vibration, 
d) the temperature of the chopper bearings, 
If an abnormal condition is sensed for any of these functions 
the chopper may be trippe:l and the data aquisition halted 
automatically. 
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Primary flight path 

The chopper, second collimator and various other beam de- 
finition devices are mounted on an optical bench which allows 
for easy interchange of components without need for lengthy 
realignment. In particular the collimators may be exchanged 
or the positions of the collimator and chopper interchanged,, 
Thus under normal conditions the chopper is situated as close 
as possible to,the sample to reduce the time spread of the 
incident beam in which case a coarse small angle collimator po- 
sitioned just inside the sample drum is used to reduce scat- 
tering from the chopper, However in cases where good beam de- 
finition is required for low angles the secondary collimator 
may be placed after the chopper with a resulting worsening of 
the energy resolution. , 

Sample chamber 

The sample chamber which is still in the final stages of 
construction comprises many essential features@ It consists 
of a cadmium lined aluminium drum with thin aluminium entrance 
and exit windows. The drum is designed to support a secondary 
vacuum such that it may be used as the outer wall of a sample 
cryostat thus reducing the amount of extraneous scattering 
material in the beam, Samples may be inserted into the drum 
from above by means of a removable flange mounted on a rota- 
ting high vacuum seal,, This flange is coupled to a stepping 
motor and encoder such that the sample orientation can be 
easily adjusted under computer control. Thus the spectro- 
meter can be readily used for elastic diffuse studies in 
single crystals. The whole drum may be also moved up and down 
relative to the beam in order to facilitate sample alignment, 

An oscillating,radial collimator whose function is to 
shadow the detectors from neutrons which do not originate from 
scattering in the immediate vicinity of the sample is placed 
between the sample container and the secondary flight path. 

The primary flight path, sample drum and radial collimator 
are completely surrounded by shielding consisting of 10 cm 
of wax followed by 2,5 cm of boron carbide. 

Secondary flight path and detection system 

The secondary flight path consists of a steel vacuum-chamber 
surrounded by shielding of 15 cm of wax followed by 2.5 cm of 
boron carbide on the outside and lined with 1 mm cadmium sheeting 
on the inside, The aluminium entrance window is bolted to the 
front of the flight path which in turn buts up against the 
sample chamber shielding, The cotal distance from the sample to 
the detectors is 2,28 m, 

The detection system consi:,;ts of 71, 46 cm active length, 
2.5 cm diameter detectors filled with 4 atmospheres of 3He 
covering the range of scattering angles between 25 degrees and 
120 degrees. Similar detectorslof 23 cm active lengts cover the 
angular range from 10 degrees to 25 degrees. The shorter de- 
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tectors are necessary to reduce the detector height contribu- 
tion to the momentum transfer resolution at low angles. At a 
later stage a small angle detection system will be implemented 
consisting of an array of 1.2 cm diameter, 46 cm active length 
position sensitive detectors allowing the Debye Scherrer rings 
to be mapped out directly under software control, 

Electronics and data acquisition system 

The spectrometer is controlled by a microvax II computer 
directly interfaced to a Camac system, The time of flight data 
is accumulated in a histogramming memory system residing in 
the Camac and may be transferred to the computer when required 
by DMA transfer0 The memory/Time of flight interface includes 
functions which allow the data to be accumulated in different 
memory regions a feature which is useful for real time experi- 
ments. 

Summary and future developments - 

A summary of relevant instrumental parameters is given in 
Table 1, The spectrometer is in the commissioning stage and 
as yet no experimental data is available though some additional 
features are being studied. Firstly if the standard collimators 
are replaced by reflecting sollers it may be possible to double 
the intensity for a given energy resolution,, Furthermore the 
introduction of a vertically curved graphite deflector as the 
second monochromator crystal can significantly increase the 
effective flux for small samples. 
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Table 1: Instrument Details 

Beam Size 

Incident Wavelength 

Incident Energy 

Collimation 

Elastic Energy Resolution (ueV> 

Range of Scattering Angles 

Elastic Momentum Transfer 

Q Resolution 

Detectors 

10 cm x 1 cm 

2,2 < x (8, < 6 ,/ 

16,g > E (meV) > 2027 

lo', 20', 40' 

lo < 26 < 120° 

0.01 < Q (8-l) < 409 

aQ < 374 
Q 

120° > 20 > 2o" 4 atmospheres 
2.5cm diameter, 

25' > 28 > lo0 
length 
4 atmospheres 

2..5cm diameter, 

3 
He- 
46cm active 

3 
He- 
23cm active 

IO0 > 28 > lo 
length 
10.2 cm diameter linear 
position sensitive 46 cm, 
active length 

Typical Applications: 

The instrument is most suited to quasielastic and low energy inelastic 

studies, such as - 

dynamics of hydrogen in metals 
diffusion in superionic conductors 
spectroscopy and diffusion of adsorbed and 
adsorbed molecular species 
dynamics of polymers and biological mole- 
cules 
intercalation compounds 
hydrogen bonding studies 
liquid crystals 
,tunnelling spectroscopy 
elastic diffuse scattering, 
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Abstract 

The rotating analyser crystal spectrometer (ROTAX) is an improved version of 
an inverted geometry TOF-X spectrometer, where the user has ,got the choice 
of different types of scans, By means of a non-uniformly rotating analyser, a 
flexibility of the spectrometer will be achieved which is intermediate between 
the crystal analyser time-of-flight spectrometers like MAX and Constant-Q and 
the triple axis spectrometer (TAS). In this paper we discuss the possibility of 
a proper constant-@ scan, with ROTAX, in addition to constant-fkw and 
constant-@/ I Q I scans. 

Introduction 

The instrument most commonly used for studying collective excitations in 
solids like phonons, magnons etc. is the triple axis spectrometer (TAS)(lm4), 
especially at continuous neutron sources. However, for pulsed spallation 
neutron sources the question arises how a spectrometer can be constructed 
which is adapted to the time structure of the neutron pulses and still has 
the same flexibility and versality as the TAS. Two different types of 
spectrometers have been developed so far for coherent inelastic scattering at 
pulsed sources, namely the multi-analyser 
Japant5) and PRISMA in UK( 6, 

crystal spectrometer (MAX in 

in USAte)), 
and the Constant-Q spectrometer in UK(‘) and 

In a previous papertg) we have outlined the basic ideas of our proposal for a 
new type of instrument for coherent elastic and inelastic scattering from 
single crystals at pulsed neutron sources. While the TAS employs two Bragg 
reflections, one at the monochromator and the other at the analyser, the 
instruments at pulsed sources considered here are time-of-flight crystal 
analyser spectrometers with inverted geometry. For our proposed 
spectrometer, we have showntg) that its flexibility and versality is 
intermediate between the TAS, on one hand, and the MAX and Constant-Q 
spectrometer, on the other hand. That can be achieve,d by a non-uniform 
rotation of the analyser crystal which means an optimum adaption to the 
pulse structure of the source and a most economic use of the available 
neutrons (multiplex advantage). The non-uniform rotation of the analyser is, 
within the limits of feasibility, arbitrarily progammable according to the 
user’s choice, e.g. constant-fiw or constant-Q/ IQI scan. In order to have the 
same flexibility as with TAS, e.g. the proper constant-Q scan, it would be 
necessary to rotate non-uniformly not only the analyser but also the sample 
as will be shown in detail below. 
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Scans with ROTAX 

ROTAX can be understood from the basic scattering equations, which govern 
the scattering triangle. For all instruments with ,inverted geometry at a pul- 
sed, source, the wavevector k i and energy Ei of the incoming neutrons de- 
pend on the incident flight time t i between moderator and sample (cf. fig. 1). 
Our basic approach is then to express all other quantities of the scattering 
process like the wavevector kf of the scattered neutrons or the analyser 
Bragg angle @A as functions of t i. kf and eA are connected by Bragg’s law 

kf(ti) = n / d, sin e*(ti). (1) 

The. flight time between sample and analyser is given by 

La m 
LOi> = 

L 

Vf(ti) = n kf(ti) 
(2) 

Equations (1) and (2) have to be solved simultaneously 

sin e*(ti) = 
h 

2m L, d, t,(ti>. (3) 

fig. 1 
Schematic drawing of the rotating analyser crystal spectrometer 
(ROTAX); moderator (M), sample (S), analyser (A), detector (PSD). 

From our previous study(9) it turned out that, in addition to the scattering 

angle 0, one more scattering parameter can be chosen constant, i.e. 
independent of ti . Hence, the experimenter can choose between various types 

of special scans, e.g. const.-no or const,-C$/ I Q I or const.- I @I scan. In order 
to perform such a special szan the anaylser angle 8, (eq. 3) has to be varied 
according to the appropria.3 function ta( ti) depending on the type of scan, 
t,(ti) can be determined from the scattering triangle, which connects ki 

with kf. 
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We obtain 

t a = i, 

L 
t, = ti ~ 

sin ( $ + 4 ) 1 1: 
i sin 3 

(44 

for the const.-no and const.+ scan respectively, where $’ is the sample 
orientation angle (cf. fig. 1) defining the direction of Q/IQ1 with respect to 
the crystal axes of the sample. The resulting curves for the analyser setting 
are presented in fig. 2, from which the rotation speed can be deduced. 

As obvious from eqs. (3) and (4a) the analyser rotation is almost uniform 
(u = 19 Hz) for hw = 0 as long as the sin-‘-function is almost linear 

(*A L 30’). For nw 1 0, the curves in fig. 2a exhibit an angular velocity for 
the analyser increasing from its starting value for t i = 1 msec. I’n order to 
keep the angular velocity within reasonable limits the measurement and the 
appropriately programmed non-uniform rotation of the analyser should be 
terminated at about eA s: 30’ or for 2 msec L tiL 4 msec. For ho L 0, the 

curves in fig. 2a show a decreasing angular velocity and the ,measurement 

can be extended, in principle, over a wider range. In all cases (&nst.-fiw and 
const.-11), the time between the termination of the measurement (rotation of 6A 
according to the curves in fig. 2) and the next neutron pulse has to be used , 

to return the analyser back to its original position either by back-rotation or 
by half or full circle rotation (180” or 360’). Since the ‘derivatives of the 
curves in fig. 2 correspond mostly to frequencies near to 25 Hz, a total 
rotation of the analyser by 180’ per cycle seems to be preferable at the 
British spallation source ISIS with a neutron pulse repetition frequency of 
Y = 50 Hz. 

0, 1 4 I 1 
I I 1 TO 

0 2 I, 6 8 

Time of flight ti (m set) 

fig. 2 
Analyser Bragg angle QA tls a function of flight time ti between 

moderator and sample for ROTAX. (a) const.-nw scans foP various 
energy transfers nu; (b) const._nl scans for $ = 30’ and for various 
scattering angles 4. 
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For a con&.-$ scan eq. (4b) reveals immediately that the non-uniformity of 
the analyser rotation is smaller in this case as compared to the const.-8o 
scan, where the essential non-linearity originates from the square-root in the 
denominator of eq. (4a). These properties are clearly demonstrated by the 
curves of eA versus ti for $ = const. = 30’ and for various scattering 
angles 0 in fig. 2b. A further difference to the case ~GJ = const. is that 8~ 
depends in a non-monotonous way on sin{+++). In fact, an angle @I and an 
associated angle += = x-z+-+ I generate the same curve e,(t, ). For positive 
energy transfer no 1 0 which means 9 L 120’ for $ = 30’ the derivatives of 
the curves in fig. 2b also correspond to frequencies between 10 and 50 Hz. 
That means again a preferable total rotation of the analyser of 180’ per 
cycle. Due to the smaller non-linearity of the curves, the const.-9 scans may 
be extended to analyser Bragg angles up to eAL 45’ using the neutrons of a 
pulse arriving between 1 msec L t i L 4 msec at the sample. 

As already mentioned, many other paths for the TOF scan in Q-space may be 
thought of. But not all of them will be feasible. An example for such a case is 
a TOF scan where the magnitude of Q is kept constant. For 1 dl =Q=const., we 
obtain 

Q’ = k; + k; - 2 kj kf cos @ . (5) 

The possible scattering triangles according to eq. (5) are illustrated in fig. 3, 
It is evident that this type of scan requires ki f Q/sin+. In general eq. (5) 
yields two solutions kt and kr, but only values kfl 0 are physically 
meaningful (cf. tab. 1 with the different ranges for energy loss or gain of 
the neutrons). 

fig. 3 
Scattering triangle for c(>nst.-@ scans with ROTAX. Equivalent 
solutions for different spe::trometer configurations are illustrated 
for energy gain or loss of the neutrons and for the different types 
of solutions k? (shaded ares) and kf for the cases discussed in 
tab. 1. 

392 



Tab. 1: Solutions of eq. (5) for kf and k; yielding energy gain (fio~0) 
or energy loss @who) of the neutrons. 

+ Solution: kt = ki coso + 

I I Q 4 4 6 90' I 90’ L o 6 180’ ., 
I 

I I nwho 
2 sinT9/2) ’ ki 

Q LT 
sin+ I 2 sin70/2) ’ kj ’ ’ I 

1 nwro 1 O ’ ki ’ 2 siz+/z) 1 O * ki L 2 sinTo/z) 1 

- Solution: kf g2 - (ki sin+)2 

I I 0 4 0 4 90’ I 90” L + f 180’ I 

1 nd0 1 I I 
I I I I 

The flight time t, between sample and analyser immediately reads 

t,tti) = La [ +94 f /gqyq 

and the corresponding values for %A, are sketched in fig. 4 for 
‘Ql = 5 A-’ = const. The curves for both solutions e,(kS) and e,(k?) start at 
the common point (t) with infinite rotation speed d@,/dti. For smaller values 
of t, (larger values ’ of k, ) the argument of the square-root in eq. (6) is 
negative. The curves for e,(kt) h s ow that the analyser has to be accelerated 
to a rather high rotation frequency and then, starting somewhat away from 
the common point (t), to be slowed down very rapidly until the line of zero 
energy transfer (second broken line in fig. 4) is reached. Then, the curves 
approach an asymptotic value @A = const. (MAX spectrometer!) similar to 
fig. 2a. Solution @,(kf) shows a deceleration from the common point (t) 
turning to an acceleration then at very high rotation speeds,. In general, the 
non-uniform rotation of the analyser according ’ to this con&.-l Q I scan (cf. 
fig;. 4) seems not to be feasible with the drastic deceleration of the rotation 
to nearly complete stop and then with the subsequent relatively high angular 
acceleration to complete the cycle. Only for high scattering angles o b 120’ 
the analyser rotation might be technically feasible. 

-1 

(6) 

It is noteworthy to look at the total time-of-flight for this type of const.-IQ I 
scan. The total time-of-flight t, is the time of arrival at the detector. It is 
obvious from eq, (5) that one possible solution is k, = Q with kf = 0, not 
depending on O. i‘hat would metin a full stop of the neutrons at the sample 
yielding an infinite total time-of-flight, of course. This is being illustrated in 
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, 60’ 

fig. 5, where the total TOF t., is plotted versus the incident TOF ti for 
various scattering angles +. Again , the common point (+) of both the 
solutions kf, k7 is characterised by the minimum value of ti. Please remark, 
that the slope of the curves t, (ti ) depend on the special kind of the solution 
k$, k7 (cf. tab. 1). Apart from the strange properties of t,(ti ) for 0 L 90’, 
the curves for $ 1 90’ do not reveal an unambigous value of t, as a function 
Of tit i.e. there exist neutrons which overtake previously started neutrons of 
the same pulse in the secondary part of the spectrometer. For practical use 
the monotonous ascending branches of to(ti) are applicable only. Hence, the 
neutrons with higher energies and corresponding flight times ti L ti ,mi n 
have to be suppressed physically with an auxiliary chopper between 
moderator and sample. 

o0 - 

1 

p= 30’60’ 90’ 120’ 150’ 

, 
/ 

0 = 5A-’ =const. 
, , I , I 

1 2 3 G 5 6 7 
Time of flight t msec) 

fig. 4 
Analyser Bragg angle e,, versus 
flight time t, for a const.-IQI 
scan at various scattering 
angles 4. Both solutions for k, 

(dash-point) and k# (solid lines) 

starting at their common 
points (t) are illustrated and 
the change of ‘energy transfer 
is indicated (broken line). 

Q = 5 A-’ = const. 

11 I 

1 2 3 L 5 6 
Incidend time of flight (msec) 

fig. 5 
TOL?ll time-of-flight t, between 
moderator and detector versus 
incident time-of-fligh t t i bs- 

t ween moderator and sample. 
Again dash-points denote Soh- 

Cons of k?, solid curves solu- 

tions of kt, (t) common starting 
points and the bracken line the 

change of the sign of no, 
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. . If all these limitations previously discussed are met, _ the’ const.- IQ I scan can 
be performed as a preper ++st.-@ scan if also the sample is non-uniformly 
rotated, corresponding to ” 

.’ / ., ,. 
. ,, 

k, sin4 
tg q(h) = ki- kfcos+ ” 

k; ‘sin4 ~034 ,t ,sin+ J Q2 L :(k, ‘sin@)’ 
. (7) 

k, sin2+ : cosb IQ2 - (k, sin*)’ 

Eq. (7) is illustrated in fig. 6 and means that $(ti) varies just in such a way 
that the direction of 63 remains constant with respect to the crystal axes of 
the sample during on,e scan. (cf. fig. 3). 

2.’ 1 I I I 1 

:160°- 
&I Q = 5h-’ = const. 

$40° - Iq=30” _ 

, .l .’ .2 

.’ ,I,. 

fig. 6 . 
Sample orientation 
scattering angles 0 

Conclusions 

i) 

ii) 

iii) 

iv) 

3. 4, 5 ,6 ,7 

Time of flight (msec] : ‘. 

angle $ versus incident time-of-flight ti for various 
and both solutions of ky (dash-points) and k# (solid), 

It has been shown, that in principle ROTAX can provide widely variable 
const.-Aw and const.+ scans, as well as severely limited const.-@ scans. 

const.-no and const.-$ scans are rather easy to perform, because t,(ti ) 
is a monotonous function and eA(ti) provides fesible values. 

The flexibility of ROTAX ensures that in case of phonon measurements 
their polarisation can be taken care of. 

The limitations for a proper con&.-@ scan are that the sample has to be 
rotated non-uniformly and in phase with the pulse structure and the 
analyser rot&ion. Further, this mode of operation has to be restricted 
to scattering angles 4 1 120’, which obviously excludes measurements of 
magnetic excitations. 
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1. INTRODUCTION 

A pulsed spallation neutron source produces large quantities of 

with energies in the range of l-10 eV. Time-of-flight measurements 

the pulsed nature of the source provide the basis for one energy 

involving these neutrons, but to do spectroscopy with such neutrons 

energy analysis is required. Traditional methods such as neutron 

neutrons 

based on 

analysis 

a second 

choppers 

or crystal Bragg reflection 

so new techniques will have 

exploited for spectroscopy. 

do not work well for such high energy neutrons, 

to be developed if these neutrons are to be 

One promising technique is to make use of nuclear resonance absorption 

of the neutrons. A number of materials have sharp resonances, and these can 

be used to provide one of the energy analyses required. Resonance 

absorption in thin foils of absorber material can be used in either of two 

ways. In the first method (resonance filter method), the foil is placed in 

the incident or scattered beam and the resulting scattering spectrum from 

the sample is measured. These measurements are then repeated with the foil 

removed from the beam, and the results of the first measurement are 

subtracted from the .results of the second measurement to provide a 

“difference” spectrum which corresponds to having only neutrons of the 

resonance energy in the beasm in which the foil was placed. In the second 

method (resonance detector method), the foil is placed in the scattered 

neutron beam and scattered neutrons having the resonance energy are detected 

“directly” by detecting the capture gammas resulting from the resonance 

absorption of the neutrons. The resonance filter technique has been 

reviewed elsewhere’, and will not be discussed further here. 

*Work supported by the U.S. Department of Energy 
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A prototype resonance detector spectrometer called the Electron Volt 

Spectrometer (EVS) has been built and operated at IPNS to gain experience 

with the technical problems involved in such spectrometry. One of the 

primary scientific reasons for using such high energy neutrons is to satisfy 

the kinematic requirements for measurements involving large energy transfers 

and small momentum transfers, such as are important in the study of magnetic 

phenomena. In addition to requiring large neutron energies, such 

measurements also dictate that the scattering angles be small. For this 

reason the EVS has focussed on scattering at small angles to date. [Some 

tests have also been made using larger scattering angles (up to 45’) for 

momentum distribution measurements. These have shown some promise, but are 

only in a preliminary stage and will not be discussed here.] In the 

following sections, this instrument wi 11 be described, the current 

understanding of the background in the instrument will be discussed, 

software developed to simulate the detector efficiency will be described and 

compared with experimental results, and a test of the use of foil-thickness 

difference techniques to improve resolution will be presented. 

2. DESCRIPTION OF INSTMJMENT 

The EVS is a “resonance detector” spectrometer, which operates by 

detecting promptly-emitted gamma rays resulting from resonant absorption of 

scattered neutrons in thin absorbers. Closely-coupled gamma ray detectors 

register the gamma rays, and a computer sorts the resulting pulses according 

to incident neutron time-of-flight. When a narrow nuclear resonance is 

used, this resonant capture defines the scattered neutron energy to a fixed 

value E - E 

resonan:e- R 

within the (practical, doppler-broadened) width of the 

. The time-of-flight t in this spectrometer scans the scattering 

probability as a function of the incident energy E. according to 
1 

Ei(t) = (m/2) [Li/(t - tf)J2 

E(t) = Ei(t) - ER (2.1) 

tf 
= Lf(m/2ER)1’2 = constant 

where m is the neutron mass and L 
1 and Lf are the lengths of the incident 

and scattered neutron flight paths. Several discussions of instruments of 

this type have appeared in the 1itc:rature 1-7 
. 
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Figure 1 shows the actual configuration of the EVS at IPNS, and Table I 

gives some of the parameters of this spectrometer. Two different detector 

geometries for small scattering angles have been used on the EVS, a closely- 

coupled poorly-shielded geometry (called configuration 1 throughout this 

paper) and a loosely-coupled well-shielded geometry (called configuration 2 

throughout this paper. These are indicated in Table I and are shown 

respectively in Figs. 2 and 3. The kinematic range of the spectrometer for 

these small scattering angles is indicated in Fig. 4. 

The EVS was designed to detect the gammas from the resonance foil with 

several separate scintillation detectors, to test the possibility of using 
:,; 

gamma coincidence detection techniques to reduce the effects;’ of the 

inescapable gamma background present. In most tests to date, 8 separate 

scintillation detectors were used. The data collection system allows the 

simultaneous collection of events from the individual scintillators 

(“singles” events), as well as collection of events corresponding to a 

coincidence (within -0.5 usec) between two or more individual scintillator 

events. A pulse-height analyzer is used to tune the gains on the amplifiers 

for the individual scintillators and to set the pulse-height discrimination 

window for each scintillator to correspond to the desired gamma energy 

window. 

3. COLLIMATION ANB BACKGROUND 

3.1 Collimation 

The collimation system for the EVS consists of 

elements made of lead shot and borax cast in epoxy 

a series of collimation 

resin (sufficient resin 

to fill all voids between the lead shot), alternating with B4C cast in epoxy 

resin (minimal resin content). According to Table I, the unscattered 

neutron beam at the foil position had a penumbra diameter of 3.75 cm and an 

umbra diameter of 1.84 cm. The inside diameter of the resonance foil was 

5.08 cm. With no scattering sample, there was no evidence of a peak at any 

of the Ta resonances up to 30 eV, which was the extent of the measuring 

range normally used. Movement of the foil off center indicated a “sharp” 

beam edge where the resonance peaks suddenly began to be observed. This 

coincided roughly with the first interception of any 

beam penumbra of this calculated diameter. Thus 

very “clean” edges, indicating that the collimation 

at energies up to 30 eV. 

part of the foil with a 

the beam in the EVS has 

is quite good, at least 
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3.2 Background - Coincidence Effects ~-___ 

For a random singles background count rate of IIB counts/set/one-psec 

channel, the expected count rate using 2-fold coincidence among 8 

scintillators should be reduced to 

*2B = [? ) ‘:B (& ) (3.1) 

where T is the allowed coincidence time window in set, r is the pulsed 

source repetition rate, and At is the channel width (1 nsec here). Figure 5 

shows “singles” (sum of events from the 8 individual scintillators) and 

coincidence spectra for a typical run with the detector in configuration 1 

and with a polyethylene sample. For this run the singles background count 

rate (in 8 scintillators) was 9.0x10 -3 counts/set/one-nsec channel. Based 

on this argument (with ‘c = 0.5x10 
-6 

set, at = 1x10 -6 set, and r = 30 Hz) the 

coincidence background should have been reduced to 1.2~10~~ counts/sec/one- 

channel) while the measured coincidence background was 7.5x10 
-5 

nsec 

counts/set/one-usec channel. The signal-to-background ratio (signal is 

taken as peak height minus background level) in this singles spectrum is 

-2.5, while in the coincidence spectrum it is -12. Thus, although the 

signal-to-background ratio was significantly improved by usi.ng the 

coincidence technique, the improvement was not nearly so much as might have 

been expected based on an uncorrelated gamma background. 

A possible explanation is that there must be one or more sources of 

correlated (two or more gammas produced essentially simultaneously) gammas 

fairly near to the detector. To a good approximation for such a source 

placed some distance from the N detecting scintillators, the probability of 

single gamma detection is 

PIB 
2 N vB eB (3.2) 

where EB is the solid angle subtended at this source by a single 

scintillator, divided by 4n, and uB is the average number of coincident 

gammas produced by this source. Similarly, the probability of 2-fold 

coincidence among the N scintillators is approximately 

‘2B 
ft [N(N-1)/2] vB (~~-1) eg2 (3.3) 

(Eqs. 3.2 and 3.3 are simplified versions of Eq. 4.10 below, with E small 

and m = k.) Based on this argumtirlt the ratio of background counts between 

the singles and coincidence spectra in Fig. 5 could be accounted for if all 
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the background were due to a source producing an average of two gammas in 

coincidence at a distance of about 50 cm from the detector. Of course this 

is only a rough estimate of the actual distance to the correlated source or 

sources, since not all of the singles or coincidence backgrounds need 

necessarily come from such correlated sources. 

Likely candidates for such a source are readily apparant in Fig. 1, 

namely the neutron scattering sample and ‘the collimator just upstream from 

it, as well as the chamber walls and shielding aperatures around the beam 

between the sample and detector. All materials have some cross-section for 

neutron absorption, and some of these absorptions will lead to capture gamma 

production just as does the resonance absorption in the detector foil. In 

addition, neutrons scattered in all directions by the sample or collimator 

may be absorbed in any nearby materials, producing similar results. In this 

“close-coupling” geometry of configuration 1 (see Fig. 2), the scintillators 

have a straight “line-of-sight” to the sample, and it is not possible to 

place any significant gamma absorber in this path without introducing 

intolerable attenuation of the scattered neutrons we wish to detect. For 

this reason, the “well-shielded” configuration 2 geometry shown in Fig. 3 

was considered. This arrangement makes use of the same resonant foil and 

the same bismuth germanate (BGO) scintillator crystals used in the first 

geometry, but moves the scintillators to well-shielded locations around the 

periphery of the foil. As a consequence, the scintillators subtend smaller 

solid angles for detecting gamma ,events in the foil, reducing the overall 

detection efficiency of the detection system. 

Figure 6 shows singles and coincidence spectra from this same 

polyethylene sample, this time collected with the detector in configuration 

2. For this run the singles background count rate was 6.0x10 -4 

counts/set/one-usec channel and the coincidence background was 5.0x10 -6 

counts/set/one-usec channel. The signal-to-background ratio in this singles 

spectrum is ~17.5, while in the coincidence spectrum it is -25. Based on 

the above analysis, the coincidence background for a random gamma flux in 

this case should have been 5.3x10 
-9 counts/set/one-usec channel. Thus the 

new configuration significantly reduced the background and improved the 

signal-to-background ratio, but the remaining background is even more highly 

correlated than was the background in configuration 1. The sources of this 

background are discussed further in Section 3.3 below. 
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Figure 7 shows the singles spectrum for a vanadium sample with the 

detector in configuration 2. In this case where the sample scattering is 

much weaker and is not peaked in the forward direction as it is for 

scattering from hydrogen, and where the sample absorption is strong, the 

signal-to-background ratio is much worse. The background in the singles 

spectrum for this sample is 5. 3x1C4 counts/set/one-nsec channel, and the 

singles signal-to-background ratio is -3.7. Due to the much lower 

scattering power, it was not possible to get coincidence data for this 

sample in a reasonable measurement period. 

3.3 Background - Filter Measurements 

A series of runs were made in configuration 1 and configuration 2 with 

lead, iron, and beryllium filters in the beam upstream from the sample. 

These filter materials were chosen to provide transmissions which would 

discriminate between gammas, high energy neutrons, and low energy neutrons 

in the incident beam, in an attempt to pinpoint the source of the measured 

background. For each type of filter material, a “transmission” was 

calculated based on the measured beam monitor data, according to the 

expression 

Transmission = 
Bkgnd with Filter - Bkgnd with Gate-closed 

Bkgnd with No-filter - Bkgnd with Gate-closed (3.4) 

where data from all runs has been normalized on the same basis (pulses, or 

pulses combined with beam current). A similar “transmission” was calculated 

using the measured singles data both with and without a polyethylene sample 

in the beam for both configurations, and for configuration 2 with a vanadium 

sample as well. The results of these “transmission” measurements can be 

accounted for by assuming the background is made up of the following 

components: 

A. A background component due to - 4 MeV gammas coming down the beam 
and interacting with something other than the sample. 

B. A background component due to - 4 MeV gammas coming down the beam 
and interacting with the sample. 

C. A background component due to - 100 keV neutrons coming down the 
beam and interacting with something other than the sample. 

D. A background component due to - 100 keV neutrons coming down the 
beam and interacting with the sample. 

E. A background component due to non-beam sources. 
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Using this 5-component model to compare the measured.lltransmission” data 

with the expected transmissions of these filter materials for neutrons8 and 

gammas’ of various energies, it was possible to calculate the relative 

magnitudes of each of these components in the background for each detector 

configuration. These results are shown in Table II. Table II shows a 

factor of about 20 reduction in most of the background components in going 

from configuration 1 to configuration 2. Component A was reduced much more, 

however (at least a factor of 1000). This Table shows that for flight times 

around 350 usec the overall reduction in the background was roughly a factor 

of 20, but that at times around 100 usec the reduction was much greater. 

These considerations seem to indicate that while some of component A was 

present at the longer times, most of component A was concentrated at the 

shorter times. Thus while Table III shows a “total” background reduction 

factor of 33 between the two configurations, the background in the region of 

interest around 300-400 usec was reduced by only a factor of about 20. 

4. CALCULATED AND XJWSDRRD DETECTOR EFFICIENCY 

4.1 Calculation of Detector Efficiency 

The neutron detection process in a resonance detection system such as 

that on the EVS has four major components. These are: 

1) 

2) 

3) 

4) 

resonant absorption of the neutron in the resonance foil 

production of prompt gamma cascades by decay of the compound nucleus 
formed in step 1) 

interception of one or more of these gammas by individual 
scintillators around the resonance foil 

detection of these gammas by the scintillator detector systems 

In order to understand the performance of the various prototype detector 

geometries well enough to design an improved detector system, software has 

been developed to simulate each of these independently, as well as to look 

at the combination of components 2) and 4). Although the four components 

are not all strictly independent (eg - the number of gammas formed in a 

cascade is correlated with their energies, leading to a correlation of the 

number of gammas with their detection probabilities in the scintillators), 

only the correlations between components 2) and 4) are sufficiently strong 

to require their simultaneous treatment. When it comes to predicting the 
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performance of different detector configurations, separate approximate 

treatment of the effects involved in each process is much more illuminating 

than would be a more accurate calculation in which all effects are treated 

together to allow for correlations. Therefore, the software packages for 

the various processes have been kept separate so far, rather than combining 

them into a single package. The various processes are discussed below. 

4.2 Resonant Absorption of Neutrons 

The resonance absorption cross-section uAbs for neutrons in the center- 
1n 11 

of-mass system is described by the Breit-Wigner formula~“‘L~ 

%bs = 
(h2/8rrmE’ ) gJ 

‘n rr 

(E’-ER)2 + (r/2)2 

r = r; + rr 

(4.1) 

(4.2) 

where h is Planck’s constant, r n’ rr’ and I’ are the neutron width, the 

radiative capture width, and the total width of the resonance centered at 

the center-of-mass energy ER, gJ is a statistical spin factor, and Et is the 

energy of relative motion of the neutron and target nucleus in the center- 

of-mass system. 

In any real resonant absorber, the cross-section u 
abs 

in the laboratory 

system depends also on the motion of the resonantly absorbing nuclei, so the 

cross-section expression given above must be modified to account for this 

“doppler broadening”. It can be shown 
11,12 

that a reasonably accurate 

treatment is to take the effective cross-section in the laboratory to be the 

center-of-mass cross-section given by Eq. 4.1 convoluted with a gaussian of 

standard deviation A//2, where 

A = (4mEkT*/M)1’2 (4.3) 

with E the neutron energy in the laboratory, M the mass of the target 

nucleus, and 

kT* = (3keD/8) coth(3eD/8T) (4.4) 

(The approximation 4.4 is justified only for high temperatures”, but in 

fact it is quite a good approximation throughout the temperature range.) 

The program FOIL accepts input parameters for one or more resonance 

foils and for one or more resonances per foil. From these it calculates T* 
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using Eq 4.4, A using Eq. 4.3, and numerically performs the gaussian 

convolution with Eq. 4.1 to get dabs’ It also calculates the absorption 

probability PA(E) for the foil according to 

PA(E) = 1 _ e-oabs(E’ d (4.5) 

where d is the foil thickness in units of absorbing nuclei per cm2. Figure 

8 shows calculated absorption probabilities for the 4280 meV Ta resonance 

for three different thicknesses of foil, based 

parameters 13 and other data for Ta metal at 300 K. 

on the known resonance 

In this figure one can 

Lorentzian shape of the 

modifications only near 

clearly see the strong wings due to the intrinsic 

resonance line (doppler effects produce significant 

the peak). These wings are significant at energies of several hundred meV 

away from the resonance peak, and will lead to difficulty in measuring weak 

inelastic peaks at energy transfers below about 500 meV when the Ta (or any 

other) resonance is used in a resonance detector spectrometer. 

4.3 Production of Gamma Cascades 

When a slow neutron is absorbed by a heavy nucleus of mass A, an excited 

nucleus of mass A+l, sometimes called a compound nucleus, is formed. This 

nucleus has an energy which is an amount U 
0 

above the ground state, where 

"0 
is the binding energy of the neutron in the compound nucleus. For most 

heavy nuclei, U. is about 6-7 MeV. For the nuclei of interest, the dominant 

method of de-excitation of this excited nucleus is by prompt gamma decay. 

Depending upon the selection rules for the particular compound nucleus, the 

initial decay may be directly to the ground state of the nucleus, or to any 

of a large number of excited states of this nucleus. If the decay is to a 

lower-energy excited state, this state usually can itself decay via prompt 

gamma emission. The net result of such a neutron capture is then a cascade 
14 

of prompt gammas , occurring within about 10 
-14 

set, with the total energy 

of these gammas adding up 

The statistical model 

by Blatt and Weisskopf 
10 , 

to the initial excitation energy Uo. 

of cascade gamma production was first formulated 

and has been used by a number of authors 
15-18 to 

calculate gamma spectra of heavy nuclei. In this model, the nuclear energy 

levels are assumed to be distributed continuously according to a 

ltstatisticall’ distribution. The derivations and assumptions involved in the 

various uses of this model were summarized by Lynn 
11 

, who also reviewed some 
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of the efforts to fit the experimental spectra using this model. The 

program GAMMA incorporates a “Monte Carlo” computational scheme based on the 

statistical model to generate gamma cascades between the energy U. and the 

ground state. Figure 9 shows a cascade gamma spectrum calaulated using this 

statistical model Monte Carlo approach with the “best” choice of the one 

adjustable parameter in the model. Also shown is an experimental 

measurement 
19 

of the cascade gamma spectrum for Ta. As seen in Fig. 9, the 

calculated curves reproduce the experimental spectrum quite well for gamma 

energies above about 0.8 MeV. The calculations start to diverge from the 

experimental data at lower energies, which is where the statistical theory 

is expected to break down. For gamma energies above about 0.8 MeV, the 

statistical model appears to be a fairly good model of the actual cascade 

process in Ta. 

The program GAMMA also calculates the probability fv of having a given 

number v of gammas with energies within a selected window in a cascade, and 

this is tabulated in Table III. The quantity f,, is strongly dependent on 

the energy window used for gamma selection. However fv is not strongly 

dependent on details of the level densities assumed in the model, so at 

least for gamma energy windows with lower limits above about 0.8 MeV the 

program GAMMA should give fairly good values for fv. (Note that the average 

total number of gammas per cascade in Table III comes out to be about 4, 

also in good agreement with earlier statements 6.) 

4.4 Gamma Detection in Scintillator Crystals 

The pulse height of the output pulse from the photomultiplier-preamp 

combination coupled to a scintillator is proportional to the light output by 

the scintillator (assuming good optical coupling), and this in turn is 

proportional to the energy deposited in the scintillator. Thus pulse-height 

discrimination on the output pulslzs can be used as a means of selecting only 

those events resulting in energ:! deposition values within a preselected 

range. The net undisturbed transmission of gamma rays of energy E through a 

thickness d of a material is give11 by 20 

I(E) = IO(E) e -u(E)d 
(4.6) 

where the total linear attenuation coefficient u(E) is given by 

U(E) = 1 ni[ uph(E) + uc(E) + upp(E) I* 
i 3 
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= Lack + v,(E) + Pad (4.7) 

Here uph(E), uc(E), and upp(E) are the atomic cross-sections for 

photoelectric absorption, compton scattering , and pair production for gammas 

of energy E in atoms of type i, and n. 1 is the number density of atoms of 

type i in the material. 

A Monte Carlo routine SCNT.DET has been developed to follow a gamma along 

its path in a scintillator until it and/or all lower energy gammas produced 

in the scintillator either deposit all their energy or leave the 

scintillator. In the process, this program keeps track of the energy 

deposited. The program contains detailed cross-section information for the 
21 various gamma-interaction processes ,’ which is used to determine the point 

and type of interaction of a gamma within the scintillator according to the 

probability distribution given by Eqs. 4.6 and 4.7. This program has been 

tested against published pulse-height 

specific geometries, with good agreement. 

data22 for NaI scintillators in 

Table IV shows data generated by the program GAMMA, similar to the data 

in Table III. However, in Table IV, the routine SCNTDET has been used 

within GAMMA to select only those gammas which would be detected by 2.5 cm 

diameter by 2.5 cm long BGO scintillators in configurations similar to those 

encountered in detector configuration 2 (gamma source on cylinder side at 

midplane, 4.3 cm from cylinder center). Comparison of Tables III and IV 

shows an enormous difference in the probability distributions fv for 

production and f,,’ for detection (with pulse-height discrimination) of v 

gammas. A large number of the gammas are missed by the detector because 

they deposit less than their full energy in the scintillator. This points 

out that an obvious improvement in the detector system would be to use 

larger scintillators to improve the probability of interaction of both the 

primary gamma from the resonance foil and of the secondary gammas (compton 

scattering or electron-positron anihilation) produced within the 

scintillator. 

4.5 The Effects of Discrete Gamma Detectors - Coincidence Probabilities 

As discussed above, a single neutron capture results in the production 
of several gammas of varying energies , and for present purposes these can be 
regarded as being produced simultaneously with no angular correlation among 
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them. If v detectable (ie - will be detected if they are directed toward a 

scintillator) gammas are produced within the detector energy acceptance 

window in such an event, then the evaluation of P(v,k), which is the 

probability that k or more of these gammas will impinge upon exactly k 

separate scintillation detectors, is just a counting problem. If ei is the 

fraction of the total solid angle subtended by the i th scintillator at the 

gamma-producing event, and there are N scintillators, then 

P(v,k) = ; P (v,k) 
m=k m 

(4.8) 

where Pm( v,k) is the probability that exactly m gammas will impinge on 

exactly k scintillators under these conditions. Evaluation of Pm(v,k) gives 

N 
Pm(v,k) = C,” (1 - C E~)\)-~ [ it *** yf E 

‘1 ‘2 ‘N 

j=l 11=0 
E *** s Tml ] 

lNZO l 2 
(4.9) 

where 

c; = v! 
m!(v-m)! 

(1 = i &pm 
j=l J 

11 . . . “cl El . . . lN 
eN Tml] 

m m 
Cl ..t C’ 

11=0 lN=o 

m! 
T 

ml = ll!12! *** lN! 

is the number of ways m gammas can 
be selected from v total 

is the probability that v-m gammas 
are not detected 

is the probability of detecting 
the remaining m gammas in exactly 
k scintillators with at least one 
in each of the k scintillators 

sums are constrained so that 
N 
C li = m and exactly k of the 

i=l 
li are non-zero 

is the number of ways the m gammas 
can be arranged in the N 
scintillators with a particular 
set of occupation numbers {li] 

For a special case, namely all EiQQ the same, Eqs. 4.8 and 4.9 reduce to the 

simplified form given by HuradyanL’ 

V 

P’(v,k) = C Cm” ( ~-NE)~~ em C; 
m=k 

[km + kC1 ck tm (-l)k-t] 
t=l t 

(4.10) 



In practice, if E is small only the term m = k is significant. Al though 

this special case is almost never exactly satisfied, this simplified form is 

quite useful for estimating the magnitude of effect which will result from 

changing the detector geometry6. 

The actual probability of detecting a gamma in at least one scintillator 

(“singles” probability) when a neutron is absorbed in the resonance foil is 

v V V max max 
PI = c C <P(v,k)> fv’ (4.11) 

v=l k=l = <l plv 

where < > means average over all possible event positions within the 

resonant foil, and fv is the fraction of neutron absorptions which result in 

exactly v detectable gammas with energies within the acceptance window for 

the scintillation detectors. Similarly, the probability of detecting gammas 

in coincidence in two or more scintillators (“2-fold” coincidence 

probability) is 

V V V max max 
P2 = c C <P(v,k)> fv’ 

v=2 k=2 = u_c2 p2v 

V max 
= Pl - c <P(v,l)> fv’ 

v=l 
(4.12) 

Table V shows values of Pl and P2 calculated for the two detector 

configurations and for different discriminator energy windows. These 

tabulated values are based on the values for P(v,k) obtained from Eqs. 4.8 

and 4.9 using the program DETPROB , together with the values for f ’ from 
V 

Table IV. 

4.6 Experimental Tests of Calculated Detector Efficiency 

The calculated detector efficiency can be compared with the measured 

data rates for the runs shown in Figs. 5-7. For the polyethylene sample, 

the total number of hydrogens in the beam was NH = 5.6~10~~) and assuming a 

total cross-section of 20 barns for H the laboratory-frame scattering 
24,25 

at small angles from this sample can be reasonably estimated as 
2 NH(dcrH/dQ)lab = 0.36 cm /sr. For the vanadium sample, the number of atoms 

in the beam was roughly NV = 1.3~10~~) giving NV(duv/dR)lab = 0.050 cm’/sr. 
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The measured flux from a 100 cm2 polyethylene moderator in the F 

position at IPNS is 
26 

EIPW = 3 x 1O1’ (A 
source 1100) neut/sr-uA-set (4.13) 

at E = 1 eV. Since this is the epithermal region, Ip (E) should vary as 

l/E. Using a source current Js = 12 uA, a channel width At = 1 nsec, and an 

elastic scattering energy of E = 4280 meV giving an elastic flight time of t 

= 384 usec, with other data from Table I, gives 

@,(t) At = IEIpWll eV (l/E) Js (l/L2) (2E/t) At 

= 470 
2 

neutrons/cm -see-than (4.14) 

as the number of neutrons incident on the sample per unit area per unit time 

per one usec channel at the detector, for a neutron energy of 4280 meV. 

Using the above values and data from Table I, the number of neutrons on 

the detecting foil with the polyethylene sample should be 

I 
Pf 

(t) At = a,(t) At A51 

= 1.02 neutrons/set-than (4.15) 

and for a vanadium sample it should be 

Ivf(t) At -c 0.143 neutrons/set-than (4.16) 

Table VI shows the measured singles and coincidence data rates (minus 

background) for the peak channel in the 4280 meV elastic peak in the spectra 

in Figs. 5-7. Also shown in the table are the corresponding rates 

calculated using Eqs. 4.15 or 4.16 for the number of neutrons on the 

detector foil, along with the data in Table V for the detector efficiency 

per neutron absorbed in the foil, and data from Fig. 8 for the foil 

absorption probability for a 12.5 micron thick Ta foil (used for 

configuration 1 measurements) and for a 7.5 micron thisk Ta foil (used for 

configuration 2 measurements). 

As seen in Table VI, the absolute data rates measured in the singles 

peaks were lower than the calculated values by factors ranging from -2 

(vanadium, configuration 2) to -4 (polyethylene, configuration 1). However 

the calculated ratios between singles and coincidence data rates agreed 

fairly well (within -25%) with the measured ratios for both configurations. 
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The discrepancies between the calculated and measured values for 

absolute data rates can be due to the values used for the incident neutron 

flux, for the sample scattering probability, for the absorption efficiency 

of the foil, for the gamma production per foil absorption, or for the gamma 

detection efficiency of the scintillator-photomultiplier-electronics system 

(eg - discriminator settings for some of the measured data might have 

drifted from the values used in the calculation), or a combination of these. 

The difference between the polyethylene and vanadium results for the same 

configuration indicates that at least part of the discrepancy between 

calculated and measured values lies in the estimation of the sample 

scattering, rather than in the calculations of detector performance. This 

is consistent with the relatively good agreement for singles-to-coincidence 

ratios achieved in the calculations, since these ratios do not depend on the 

amount of sample scattering. 

4.7 Discussion of Detector Efficiency 

As can be seen in Table V, the efficiency of the detector is quite low 

in configuration 2 , with the calculated detection probability of a 4280 meV 

neutron incident on a 7.5 micron foil being about 2.7%. This efficiency 

could be improved in several ways. Increasing the resonance foil thickness 

would increase the probability of absorption at the peak, and hence increase 

the detection efficiency. However, for a 7.5 micron thick Ta foil this 

absorption probability is already 4.6, so there is not much room for 

improvement there. Increasing the foil thickness would worsen the 

resolution (see Section 5 below), so this is not a desirable approach. 

A much better approach would be to increase the size and number of 

scintillators used. Comparison of Tables III and IV shows that for 

reasonable pulse-height windows about 50% of the gammas produced with 

energies within this window do not deposit enough of this energy in the 

scintillators presently used to be detected. Thus a factor of nearly 2 

improvement in the detection efficiency of a single scintillator is 

possible. In addition, the present scintillators subtend only a very small 

solid angle at the gamma source in the resonance foil (in detector 

configuration .2 on the average the 8 scintillators cover only 0.075 of the 

total solid angle for gamma interception) so most of the gammas produced 

will not hit any scintillator. With careful design it should be possible to 
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increase this by at least a factor of 5. To a first approximation the 

singles detection efficiency scales linearly with improvements in the gamma 

detection efficiency of a single scintillator , and also scales linearly with 

increases in solid angle for gamma detection, so an improvement of nearly a 

factor of 10 in the singles detection efficiency over that seen for the 

prototype detector configuration 2 should be possible. Unfortunately, to a 

first approximation the measured background should scale in the same manner. 

However, any such increases in singles detection efficiency will appear 

roughly squared in the coincidence detection efficiency, so increasing the 

scintillator size may offer significant improvement in the signal-to- 

background s&en in the coincidence spectra, as well as improving the 

coincidence detection efficiency to a high enough value to make the use of 

this technique practical. 

The tests reported here show that although there are still some 

problems, the detector simulation software gives sufficiently reliable 

results to be a useful design tool. Future efforts with this software will 

be directed to the study and/or design of a detector system employing large 

scintillators, in an effort to quantify the assertion made above about the 

effects of scintillator size and to arrive at an improved detector design. 

5. USE OF DIPPEXENCE TECHNIQUES TO IXPROVE RESOLUTION 

As noted in Section 4.2, the Ta resonance is fairly broad, and has broad 

Lorentzian wings. However, the detection probability for a neutron is 

proportional to the absorption probability PA(E) of the foil, as given by 

Eq. 4.5, rather than to the absorption cross-section cabs(E) alone. Thus 

the peak in detection probability given by p*(E) has a somewhat flatter top 

than does u abs(E), due to saturation effects in the exponential in Eq. 4.5, 

and the extent of this saturation depends on the thickness of the absorbing 

foil. Figure 8 shows clearly the flattening of the peak due to saturation 

of the absorption as the foil thickness is increased. This latter feature 

can be used to good advantage to narrow the peak and to remove most of the 

wings. To do this, spectra are taken with two different thicknesses of 

foil, normalized to match in the wings, and subtracted. Such a subtraction 

of the calculated curves for the 7.5 micron and 25 micron Ta foils is also 

shown in Fig. 8. The potential improvements from this technique are quite 
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evident in the figures, although this improvement can only be gained with a 

significant increase in counting time per experiment, and then only if the 

background can be properly subtracted in each case. Preliminary 

demonstrations of the feasibility of using such difference techniques to 

improve resolution have been reported 1,596 by other investigators. 

Figure 10 shows data for a sample of ZrH2 on the EVS. The sample was 

placed at 10.5 m from the source and 0.5 m from the resonance foil. This 

made the average scattering angle - 4.45O, giving Q - 3.6 A 
-1 

. Data were 

collected with a - 7.5 micron thick Ta foil, a - 25 micron foil made of two 

thicknesses of - 12.5 micron Ta, and with no Ta foil. The no-foil 

“background” run was fit with a quadratic function, and the resulting smooth 

background was subtracted from the 7.5 micron and 25 micron raw data to 

produce the curves shown in Fig. 10. Not surprisingly, the fundamental 

inelastic mode of the hydrogen vibration in ZrH2 is not resolved. However, 

by subtracting the 25 micron data, scaled to match the 7.5 micron data in 

the wings as shown in Fig. 10, from the 7.5’micron data, the results shown 

in Fig. 11 are obtained. Also shown in Fig. 11 are the calculated results 

based on the relative amplitudes of the elastic peak and the various 

inelastic peaks predicted by harmonic oscillator theory 
29 for an oscillator 

frequency of 140 meV (which is approximately the value for ZrH2). In the 

calculation, the harmonic oscillator results have been broadened according 

to the 7.5 micron - 25 micron “difference resolution function” shown in Fig. 

8. The overall amplitude of the calculated curve has been scaled to match 

the elastic peak, but there are no other adjustable parameters. Although 

statistics are not good enough to get a really good picture of the shape of 

the inelastic scattering, the elastic peak has clearly been sharpened enough 

by this difference technique so that the inelastic data can be resolved, and 

the overall magnitude of the inelastic scattering is in good agreement with 

the calculated value. The three data sets required a total collection time 

of - 135 hours for a sample of ZrH2 which put #.. 2x1o22 H atoms in the beam , 

with the accelerator producing an average current of - 12 PA. With a more 

efficient detector (see Section 4.7) much better statistics could be 

achieved in this amount of time. Thus this technique does seem to provide a 

practical approach to the improvement of resolution in such an instrument, 

at least for some types of problems. 
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TABLE I - Operating parameters for the EVS at IPNS. 

Incident Path Li 

Scattered Path 
Lf 

Resonant Foil Geometry 

Resonant Foil Size 

Resonant Foil Solid Angle 
at Sample 

Scattering Angle 

Resonant Foil Material 

Resonance Energy ER 

Beam Diameter at Moderator 
- Umbra 

Beam Diameter at Sample 

Beam Diameter at Foil - Umbra 1.84 cm 
Penumbra 3.75 cm 

Gamma Detectors 

10 m 

lm 

annular, centered on beam 

10.16 cm od, 5.08 cm id 

0.0061 sr 

1.50 - 30 

Ta 

4.28 eV 

5.65 cm 

2.54 cm 

8 BGO* cylinders 
2.54 cm dia, 2.54 cm long 

Gamma Detector Configuration 

Configuration 1 Configuration 2 

45O apart, centered 30° apart, centered 
4.6 cm from beam 8.26 cm from beam 
center and 2.5 cm center in plane of 
from foil foil 

* 
BGO stands for a bismuth germanate crystal directly coupled to a Hamamatsu 
model R268 photomultiplier. 
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TABLE II - Magnitudes of different contributions 
different samples and detector configurations. 
contribution per second. 

Polyethylene Sample 
Background Source Range(usec) Config 1 Config 2 

gamma-no sample 100-600 0.000 
gamma-sample 100-600 0.030 
neutron-no sample 100-600 0.81 0.045 
neutron-sample 100-600 0.72 0.108 
non-beam 100-600 0.72 0.051 

Total 100-600 7.6 0.234 

Total one channel 100-101 0.098 0.0015 
Total one channel 350-351 0.010 0.00066 

I’ to the background with 
Values given are the 

V Sample Config 1:2 
Config 2 Ratio 

0.000 > 1000 
0.033 17 
0.054 18 
0.195 7 
0.117 14 

0.399 33 

0.0022 65 
0.00051 15 

TABLE III - Probabilities for production of different 
gammas within selected energy windows, calculated 
model Monte Carlo program GAMMA. 

Probability f,, 

Number of Energy Window (MeV) 
Gammas v no window 0.8-5.2 0.8-3.0 

0 0.000 0.037 0.061 
1 0.003 0.024 0.356 
2 0.064 0.446 0.199 
3 0.283 0.418 0.310 
4 0.387 0.073 0.072 
5 0.206 0.002 0.002 
! 0.051 0.006 0 0 

8 0.001 
9 0 

v 3.911 2.472 1.983 

numbers of coincident 
using the statistical 

1.5-5.2 

0.039 
0.287 
0.612 
0.061 
0 

1.696 

u = Average number produced within energy window per cascade. 
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TABLE IV - Probabilities for different numbers of coincident detectable 
gammas using scintillators with pulse-height discrimination, calculated 
using GAMMA and SCNTDET with gammas incident from the side on a 2.5 cm dia x 
2.5 cm long BGO scintillator. 

Probability f,,'_ 

Number of 
Detected 
Gammas v 

u 3.921 0.651 0.572 0.357 

no window 

0.000 
0.003 
0.063 
0.277 
0.389 
0.209 
0.052 
0.006 
0.000 

Discriminator Window (MeV) 
0.8-5.2 0.8-3.0 1.5-5.2 

0.481 0.542 0.672 
0.399 0.355 0.299 
0.109 0.093 0.028 
0.010 0.010 0.000 
0.001 0.001 0 
0 0 

u = Average number detected within energy window per cascade. 

TABLE V - Weighted total singles and 2-fold coincidence detection 
probabilities for different gamma detection energy windows, calculated using 
detectable gamma frequency data from Table III and scintillator "hit 
probabilities 'I P(v,k) given by DETPROB. 

Detector Configuration 1 Detector Configuration 2 

Window (MeV) Pl- P2_ Pl_ P2- 

no window 0.567 0.130 0.268 0.0302 
0.8 - 5.2 0.125 0.0040 0.051 0.00081 

_ 0.8 3.0 - 0.111 0.0036 0.045 0.00072 
1.5 - 5.2 0.070 0.0008 0.028 0.00016 

TABLE VI - Calculated and measured data rates (minus background) in the peak 
channel for the 4280 meV elastic peak for the runs shown in Figs. 5-7. Th,e 
discriminator window for gamma detection was set to 0.8-3.0 MeV for all 
three runs. Calculated values are based on Eqs. 4.13 or 4.14 together with 
the appropriate P 

&* 
or P2 values from Table V and foil absorption 

probabilities from lg. 8, and are in units of counts/see/one-usec channel. 

Singles Coincidence Ratio 
Config Sample Calc Meas Calc Meas Calc Meas -- -- 

1 polyethylene 0.091 0.023 0.0029 0.00085 31 27 
2 polyethylene 0.028 0.010 0.00044 0.00012 64 a3 
2 vanadium 0.0039 0.0020 
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Fig. 1. Side view of the EVS flight path. The neutron beam is incident from 
the left. The configuration 1 detector assembly is shown. (See 
Table I and Figs. 2 and 3 for detector configuration specifications.) 
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Fig. 4. Kinematic range of the detector for the EVS in configurations 1 and 2. 
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Fig. 5. Typical EVS spectra for detector configuration 1 with a polyethylene 
sample. (a) “Singles” spectrum sum of 8 scintillators; (b) 2-fold 
coincidence spectrum. 423 
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Fig. 6. Typical EVS spectra for detector configuration 2 with a polyethylene 
sample. (a) “Singles” spectrum sum of 8 scintillators; (b) 2-fold 
coincidence spectrum. 
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Fig. 7. Typical EVS spectrum for detector configuration 2 with a vanadium 
sample. "Singles" spectrum sum of 8 scintillators. 
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Fig. 8. Resonance absorption in Ta foil, calculated by the program FOIL. 
Plotted curves are absorption probabilities for 25 micron thick, 
12.5 micron thick, and 7.5 micron thick foils. The difference between 
the 7.5 micron data and 0.3 times the 25 micron data is also plotted. 
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Fig. 10. Data for ZrH sample near the 4280 meV elastic peak. The 7.5 micron 
values are t$e actual measured data (minus background), while the 25 
micron values are the raw 25 micron data (minus background) scaled to 
match to match the 7.5 micron data in the wings of the Lorentzian peak. 
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“Difference” data for ZrH2. Data points are the difference between 
the two curves in Fig. 10. The curve is calculated using harmonic 
oscillator theory with an oscil1ator.energ-y of 140 meV, alqng with 
the calculated difference resolution curve of Fig. 8. 
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ICANS IX 

INTEBNATIW?& COLsLAEKJR?iTIaJ CN ADWNCED NEUTRON SCXJRCES 

22-26 September, 1986 

SUMMARY OF INSTRUMENT 
SESSION - PART II 

KENT CRAWFORD 

Formal presentations on various instruments and techniques continued 

in the afternoon of Tuesday. There were several things covered there: 

Phil Seeger gave two talks, one discussing the low-Q spectrometBer and the 

other giving an overview of t*lie status of the rest of the instrumentation at 
LANSCE. That was followed by a presentation by Mike Johnson of a very 
innovat.ive idea on the use of computed Tomography to extract inelastic 
information from total-scat,tering data. Then Yasuo Endoh discussed the 
st.atus of the TOP spectromet,er as well as talking about the current status 
of instruments at KENS. Mike Johnson talked about some of the future 
problems that can be expected for data acquisition systems as instruments 

become more sophisticated and sources keep improving. Then since that 
exhausted all the available time on Tuesday, we had a spill-over session in 

which the more wide-based discussions took place (that was on the Thurs- 

day morning); I will go on to that, after a brief walk through the instrument 

presemations. 

The low-Q diffractometer that Phil talked about is, I think, going to be 
a very exciting machine. It has been carefully designed to make good use 

of the available neutrons and a lot of care has been put into the shielding 
t,o avoid various problems which have been anticipated with the detect$or. 
Unfortunately they have only just got the mac.hine together (not. all the 
pieces a.re t,here yet) a.nd there has only been a very small amount of nin- 

ning t.ime; so t,lie main experimental results Phil had to report on were 
that he has successfully measured (to one significant figure!) the gravita- 

tional c.onst(ant at Los-Alamos, and that, he measured the spectrum from 
the LANSCE hydrogen moderat,or. They found that, everything bhat, t,hey 

were able to t.est did work. 
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Other instruments that, are operational at LANSCE include the filt.er 
difference spectrometer which has been running successfully for a num- 

ber of years. It,‘s a quite high dat-a rate instrmilent. and uses the slightly 

different Bragg cut-off edges of Be and Be-oxide filters which are placed 

alternately around the sample. The sample has a large solid angle for scat- 

tering. There’s very little Q-resolution in this machine but it’s designed for 

a very high dat.a taking rate or alternatively to measure from very small 

samples. This instrument has been going for some time and has been re- 
ported in some detail at earlier ICANS. There’s a constant-Q spectrometer 

which has also been reported ab earlier meetings. I guess it’s best to say it’s 
still in a development mode. They have measured phonon dispersion curves 
and it works more or less as anticipated. There are still various problems 
associated with this machine. There’s a single cry&al diffractometer which 
has been running fairly rout,inely for several years and that again is a stan- 
dard sort. of instrument. Then there are a couple of powder diffractometers, 
one of which - the high intensity diffractometer - has been running more 

or less routinely for quite a while. They have rec.ently moved it to a larger 

distance, so there will be some work to get, it going again. 

I am now going to go on to Mike Johnston’s approach: what got him 

thinking about this was the idea of computerised tomography. This has 

been around for a long time in terms of the various body scanning comput- 
erised tomography techniques. The idea in X-Ray computed tomography 
is to send some beams through a sample from several directions, each of 
which measures an integral of what is along its path. If you have enough 

of these different. path int,egrals going across the volume you are interested 
in, you can deconvolute and end up with what’s in each of the elements 
within the volume. Whereas for computed tomography for medical appli- 
cabions t,hese are pat.hs in physical space, X & Y, there’s no reason why 
you have to restrict yourself to these sorts of paths. If you are looking at, 
any other two-dimensional space, you can do a similar thing. For example, 
if you have a diffractometer with a. number of detectors in it, then ea.cli of 

these detectors is actually measuring a path integral along all the elast,ic 

and inelastic scattering on some locus in (& - w) space. If each of the 

detectors is locat.ed at. a different, angle it. is measuring along a different, 
locus in (Q - ) p o s ace, and if you move t,o sufficient.ly different. angles you 

can get. some of these loci crossing one anot,her and build up a pat.tern of 
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what’s really happening in the elastic and inelastic scattering processes. In 

the region where you have enough of these crossings, you can figure out 
what’s going on in individual elements of (Q - w) space. He’s done some 
(at t,his stage limited) simulations of this technique, starting out with some 
arbitrary inelastic contour patterns in (Q - W) space. After grinding away 
for several hours on the VAX he came out with a reconstruction of the 

original patsterns. There are a lot of things which still have to be looked 

at, in t8erms of this t,echnique. It was pointed out that possibly combining 
this wit,h the correlation technique (this will provide a different sort, of path 
integral and somewhat more information) might be the most efficient, way’ 
to go. But that is something which has the capacity of eating up many 

hours of the VAX before it’s clear how useful it, may be. 

The next paper was on the TOP spectrometer at KENS; this is a time- 

of-flight spectrometer for low energy polarised neutrons.‘They use a curved 

mirror to do the polarising and have the appropriate flippers and other po- 

larisation handling and analysing devices; part, of the paper was concerned 
with t,he development of some of these. The paper was primarily devoted 
to talking about. the new data-acquisition system for this instrument. This 
system is based on using personal c.omput,ers, so it’s quite inexpensive and 
has turned out to be very successful for tackling the task. They have done 
quite a bit of software development on the system, so it has the flexability 
to present, the data in a variety of ways and to control the various aspects 

of the experiment. Several different, scientific measurements that~ have been 

made on this instrument. were also reported. 

The final formal presentation was on problems of data acquisition with 

future sources or future developments of current sources. Now, the most 

sophisticated and refined data acquisition system is that of ISIS. They have 
done a pretty careful optimisation, t,o build a system that can handle the 

size of data arrays that, were anticipated along with the expected data rates. 

The problem comes when you have to go beyond t’his, bec.ause one of the 
first. limit,s you find is that. if you ma.ke da.t.a arrays significantly bigger t,han 
the present ones, you are going to start, to involve hours to move them 
through the physic.al links in t#he system. If you can measure a spectrum 
in half an hour and it, takes you t#wo hours t#o get, it, out, of the syst8em and 

into the compuber, you are not, really in a good situation. So there has t.0 
be thought given as to how you can compress t,he da.ta.; how much you ca.n 
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compress on the fly; how much you can compress immediately after you get’ 

the data. This is a question which is far from being resolved. 

That leads on to the spill-over section, where we had several topics; we 
started out talking about background and monitors and spent some more 
time talking about. the state of the data treatment problem and got. back 

to backgrounds. Let’s talk about these separate topics. 

Contrary to what has been said earlier, there is a fairly universal con- 

census that NOT every neutron is a good neutron. In fact, the only ones 
that are any good are the ones that have gone through the process you are 

intending to measure, and any one that reaches your detector by any other 

route is a bad neutron. In fact, most of what goes on in instrumentation 
is figuring out how to get, rid of bad neutrons. Measuring the good ones 
is relatively easy; handling of the bad ones is the difficult problem. There 
was some general discussion of various background problems t,hat people 
have encountered but there wasn’t anything terribly unique. I think that, 
as far as instrumentation was concerned, the message that came through 
was that you have t,o do everything right, in some sense, and pay attention 

to everything you should, use the right. materials, worry over your shielding 

process. If the target and moderator people have made life difficult for 

you, then you have to do something for the beam before it gets out, such 

as using a chopper or a rotating collimator or sticking filters in the beam. 
One of the t,liings which is showing up is that, it seems fairly certain 

that - even when using He-3 detectors - in some situations you do have 

to worry about gammas, so you had better be careful about the shielding, 

t#lie collimation, etc. from the gamma point, of view as well as from t,lie 

neutron point of view. People who have been working with scintillation 
det,ectors have recognised from the beginning they are going to have to 
worry about this problem. Depending on where your detector is this can 

mean direct target beam gammas or those from (PZ,~) capture. In the low- 
Q instruments at. ANL or LANSCE, some (gas detectors) are placed in bhe 
incident, beam, and bhe dir& y’s produce a. measurable (significant.) pulse. 
Probably a reasonable fract.ion of the overloading of the det,ector with the 

primary pulse comes from t,lie gammas; cross-secbions are similar t,o, if not 

higher than, t,hose for fast neutrons for these detecbors. We have found gas 

position-sensitive detectors are quite gaiiiiiia-sensit.ive - c&ulat.ions show 
that. as well. You can do some electronic cliscriiilinat.ioii t.0 help you out,. 
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but it depends on how sophisticated it is just how far you can improve 

things, and even then you can only go so far. 

l’%ere was a short discussion of teclmical details of gas detectors. 

Moving onto the question of beam monitors. One problem found to be 
common to both Los Alamos and Argonne concerned using BFs for the 
low efficiency detectors to be used as beam monitors. It has, so far, been 
impossible to get commercial detectors with a specified efficiency. The 
monitors that are used at ISIS use a different technique: these have, I 
think, been reported before and involve using tiny beads of scintillator. 

These seem to work quite well. 

One of the things that came out, of the meeting was, that a monitor 

need which we are not sure is really being addressed, is that for small-angle 

instruments. You would like a beam monitor which sits downstream from 

the sample and can be operated at0 the same time as you are measuring 

on, and without interfering with the information from, your area detector 
(which means presumably you mount it just in front of the beam stop 
or somewhere like that). What comes out (neutrons and gammas) from 

the beam st,op is a restriction, but this t’ype of monitor would provide 

the capability of making transmission measurements concurrently with the 
actual scattering measurement,, which would be very useful for small angle 
instruments. 

l It was pointed out from the audience tliat ISIS does in fact have a 
detector like that in place now; these monitors consist of a (normal 
size rather than beads) scintillator element array embedded in Boron 
Carbide, so the monitor is a beam stop, but the perfomance has not 

yet been evaluated. Some advantage may come because they use a 

beam bender for the instrumeut and operate this detector system 

outside the main beam. 

l A LiF co&d surface barrier detector was tried ad Argonne that sort of 

worked uutil what was assumed to be fast neutron radiation damage 
wiped it out! 

Finally, on t,he da.t,a treat,ment, problem t.here a.re really t,wo problems 
caused by increasing daha set. size. If you expand nluch beyond wl1a.t. you 
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have planned for in designing the system, transfers take longer bhan is 

reasonable. There is not only a problem for transfer but also of what- 

do-you-do with the data after you get it. The other thing is that for a.n 
instrument to be very useable, you have got to be able t.o see whether YOU 

are doing things right, and to do this in a reasonable time (a reasonable 

time is thought to be about 5 mins). Some of the instruments produce 

their data in a very intelligible form, so t,hat you can see what it is you are 

measuring. With a lot, of others, this is not t(he case (for example many 

time-of-flight instrument,s) and you have to do some combining or other 

type of manipulation on the data in order to get anything which remotely 
resembles what it. is you are Qrying t,o measure. When this process t.akes 
too long a time (as it. will with very large data sets) it, becomes much less 
satisfactory. This is a problem not so much for now, but certainly for the 

future. 

At, the moment, the data acquisition sysbems at ISIS and IPNS are at 
the opposite ext.remes. These are dictat,ed by the plamled level of intensity 
of the two facilit.ies; ISIS was forced to go for high speed and so they don’t 
do much operation on the data on-line. I bhink they do about, as much as 
they can, but it, does limit the flexibility of what they can do, for example, 
for data compression. IPNS, on the other hand, knew from the begim&g 

it. was not, going to be a super-intense source and so were able t#o go for the 
opposite approach and do everything in software. Hence they have quite 

a flexible syst,em and do quite a lot of data compression on-line, and their 

data-set,s are not, nearly so large. Some time in the future there has to be 

a marriage of t,hese two approaches to keep data sets from growing. There 
remain the questions of: at what stage should one put in data compression? 
how much can be done on the fly? how much has to wait until everything 
is collected? One of the problems is that some of the corrections may be, 
for instJance, wavelengt,h dependent and you may have to collect, all dat.a 
before you can do any compression. 
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Abstract 

Instrument criteria are presented for the Low-Q Diffractometer 
(LQD) at the Los Alamos Neutron Scattering Center (LANSCE), and a 
design is shown to meet these criteria. The collimator consists of 
multiple-aperture pinhole plates, and incorporates “dynamic gravity 
focusing” to center all wavelengths on the detector. Preliminary 
test results, making use of the Proton Storage Ring, a liquid 
hydrogen moderator, and two different position-sensitive detectors 
are shown. 

1. Introduction 

Since our report at the preceding ICANS meeting 1) , considerable 

progress has been made in the implementation of the Low-Q Diffractometer 

(LQD) and its position-sensitive detectors. A prototype instrument was 

operated in December, 1985, using the liquid hydrogen moderator 2) and an 

Anger camera 3) . First tests of the almost-completed instrument were made in 

September, 1986, using a two-dimensional 
3 He proportional counter. The LQD 

is being installed on flight path 10 (the northeast corner) in the existing 

experimental hall. With the Proton Storage Ring (PSR) operating at 24 Hz, 

the flight path of 12.65 m allows use of neutron wavelengths out to 13,8, 

before frame overlap , without the need for choppers or filters. An 

elevation view of the instrument is shown in fig. 1. 

This flight path views a liquid hydrogen moderator which produces a 

neutron spectrum peaked at a wavelength of 2.4 8, but with usable flux from 

0.3 to 15 A. For design purposes when estimating the low-Q limit of the 

instrument we have chosen X = 8 A to represent the maximum wavelength for 

obtaining statistically significant results. 

The detector resolution and efficiency are assumed to be good enough 

not to affect optimization. For instance, the proposed larger Anger camera 

has an rms resolution better than 1.5 mm, and it will be digitized in bins 

2.3 mm square. This will not contribute significantly to the resolution if 

the sample-to-detector distance is greater than 3 m. The 3He detector, 

however, has an rms resolution of nearly 4 mm, and also somewhat lower 
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Fig. 1. Elevation view of the Low-Q Diffractometer. 



efficiency than the Anger camera; we expect to use this detector only until 

the new and larger Anger camera is built. 

2. Design Criteria 

The parameter of interest in a small-angle experiment is the momentum 

transfer, hQ, which is inversely proportional to the wavelength and 

approximately proportional to the scattering angle. The primary requirement 

of the instrument is to be able to take statistically significant data at a 

minimum value of Q of the order Q 
min = 0.003 A-‘. With X 

max = 8 A, the 

minimum scattering angle is 
X Q 

8 max min 
min = 2n = 3.8 mrad 

We also require an rms resolution at least as good as 30% at Qmin, so that 3 

the standard deviation of 8 must be 

UQ < 1.15 mrad. 

These angular criteria establish the relative sizes of the collimator 

apertures. 

An obvious design goal is to maximize the counting rate of an 

experiment. Once the angular parameters are determined, however, there is 

very little which can be done to affect the flux on sample 4) ; for instance, 

if the instrument is shortened to gain flux by the l/R2 increase of solid 

angle, then the area of moderator seen at any point on the sample must be 

decreased by exactly the same factor to maintain resolution. For a given 

moderator surface brightness (n/cm2/ster/s), the only way to increase 

intensity is by increasing the sample size, up to the limit that the full 

moderator surface is being used. Since frame overlap (as well as the 

available space in the experimental hall) limits the scale factor by which 

the design can be multiplied, the only way to increase sample size is 

through use of multiple-aperture collimators. 

The third criterion is to allow an extended dynamic range -in Q, up to 

at least 1.0 A-l. This is readily accomplished by utilizing a wide band of 

the pulsed source wavelength spectrum, and by using an area detector 

covering a reasonably large angular range. We will be able to record all 

wavelengths longer than 0.3 A, relying on time of flight to eliminate the 

power pulse. We have also allowed for the possibility of including a filter 

to eliminate the high-energy neutrons to reduce backgrounds for experiments 

using only long wavelengths. 
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3. 

and 

Collimator Aperture Sizes 

Optimization of the variance of the scattering angle due to moderator 

sample collimation requires that 5) 

2 
‘1 

/ z = ( L1 I,“’ )’ , 

or that the root-mean-square radii of the moderator and sample are 

proportional to their respective distances from the detector, where Ll is 

the incident flight path length and L2 is the sample-to-detector distance. 

We choose path lengths based on practical considerations, and hunt for 

aperture sizes which satisfy the above criteria. If the result is 

unsatisfactory, we can modify the path lengths and repeat the procedure. 

Since the geometry is additionally complicated by the separation of the 

defining apertures from the source and sample, a Monte-Carlo code was run to 

evaluate and optimize the variance. A typical result (for Ll = 8.75 m and 

L2 = 3.75 m) is 

RI = 5.47 mm, R2 = 3.03 mm, 

producing penumbra radii at the moderator and sample of 

RM = 16.2 mm, RS = 3.6 mm . 

4. Multiple Apertures 

These moderator and sample sizes do not take full advantage of the 

available source area. Multiple aperture sets, all converging to the same 

point at the detector, increase the intensity without affecting the 

resolution. Figure 2 illustrates a set of 7 holes to match the size of the 

moderator (120 mm x 120 mm) and to illuminate a sample 36 mm in diameter. 

Intermediate beam scraping baffles are required to prevent neutrons crossing 

from one imaginary tube to another in the multiaperture system. The 

“Primary Path” pipe in fig. 1 will contain a rotating assembly to allow 

three different collimators, probably with one, seven, and nineteen holes, 

respectively. 

5. 

8.5 

the 

Dynamic Gravity Focusing 

At 24 Hz, neutrons recorded at the end of the frame will have fallen 

mm under the influence of gravity. Rather than increasing the size of 

beam stop, we want to select the neutrons whose parabolic trajectories 

strike the detector at its center; the “Gravity Focusing” device indicated 

in fig. 1 does this by pushing the collimator exit aperture plate upward 

during each beam pulse. The maximum excursion (for 13 A neutrons) is 
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0.82 mm. Without correction, the droop at the detector would be 4 mm. Also 

note that the beam-scraper apertures must be enlarged to include all the 

trajectories to be used. 

The hydraulic servoamplifier system for the gravity focusing has been 

ordered, and we hope to have it working in early 1987. 

6. Sample Chamber 

The vacuum chamber 

450 mm high. There are 

at the sample position is 300 mm in diameter and 

access flanges on the top, bottom, and both sides. 

A remotely controlled sample changer will be provided, as well as controlled 

humidity and temperature environments. 

For experiments requiring larger or highly specialized environments, 

the sample chamber and the pipe spool attached to it may be removed, 

providing an open length of 1 m. 

7. Detector 

The detector represented in fig. 1 is an Anger camera. The SO-mm thick 

optical glass disperser plate is used as the vacuum window, so that there 

are no windows in front of the scintillator. The detector area (300 mm x 

450 mm) is off-center to increase the dynamic range. A 9 x 7 array of 

photomultipliers detects about 700 photons from each neutron capture in the 
6 Li-loaded glass scintillator, and linear combinations of the signals 

identify the location of each individual event. Using our optimized 

encoding scheme 6) , the time per event has been reduced (from the value of 

several ~_ls in the standard Anger camera) to only 0.4 VS. This is very 

significant because of the high instantaneous data rates expected at LANSCE. 

Furthermore, the encoding in different parts of the detector may be done in 

parallel, so that simultaneous events may be recorded. 

The Anger camera is expected to meet our design requirements, but is 

still under development. As a temporary alternative detector, we have 

purchased a 
3 

He position-sensitive proportional counter from the Risk 

National Laboratory in Denmark 7) . 

8. Test with Anger Camera* 

In December, 1985, the LQD was assembled using a previously used 

shutter and collimator 8) in order to test the liquid hydrogen moderator and 

also the behavior of the Anger camera when placed in the direct neutron 

beam. The new and old parts of the instrument were not well aligned with 

each other, however, and there was not enough memory to record the whole 

detector in two dimensions. Coupled with the (expected) early-time 
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saturation of the detector electronics, this made it impossible for us to 

measure the beam position or the detector resolution. The saturation has 

subsequently been improved by decreasing time constants in the 

photomultiplier preamplifiers. The detector did “survive” in the direct 

neutron beam (at 10 nA proton current), and at times later than 2 ms gave a 

measurement of the flux from the liquid hydrogen moderator (fig. 3). This 

spectrum shows the peak of intensity at 14 meV (below which para hydrogen is 

transparent to neutrons), Bragg absorption edges in the aluminum vessel of 

the moderator, and a long-wavelength distribution which is similar to a 

Maxwellian. 

Fig. 3. Long-wavelength spectrum from the liquid hydrogen moderator. No 
corrections have been made for detector efficiency, or for 
absorption in the aluminum vessel. There is a quasi-Maxwellian 
tail corresponding to about 30 K, but the dominant feature is the 
peak at 14 meV resulting from transparency of para hydrogen. 

9. Test with the 3He Detector. 

The instrument was reassembled in nearly its final form and another 

test run was made in September, 1986. The detector in this case was the 

newly acquired 3 He detector from Risd. A beam stop of pressed 6 LiF, 25-mm 

diameter by 30 mm long, was attached to the front of the detector. However 

we did not yet have the entrance aperture of the collimator installed, so 

the neutron beam was much larger and only l/3 to l/2 of the beam was 

intercepted by the beam stop. We placed about 10 cm of Pb at the sample 

position to attenuate the beam and to scatter neutrons into the full 

detector area. 

The preamplifiers on the vertical dimension of the detector, purchased 

from Ordela, Inc., which were designed for use on position-sensitive 
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detectors, showed no signs of saturation at the time of the proton pulse. 

Unfortunately we had damaged the horizontal preamps, and an attempt to 

replace them with “standard” preamps failed because they saturated and 

remained dead for longer than the 38.6 ms counting frame. Thus although the 

data acquisition system was capable of recording a full 2-Mword histogram 

(283 time channels x 86 X-bins x 86 Y-bins), we were unable to encode the 

X position. Each value of Y represents a strip across the circular detector 

face. Figure 4 shows observed time spectra at several vertical positions 

for 8 hours of beam at 22 VA. At Y = 50 there is a large contribution from 

the direct beam since it was larger than the stop. The first four Bragg 

edges of Pb are marked. At short wavelengths, the transmission of the Pb is 

8X, and the other 92% of the beam is multiply scattered into 4n ster. 

Figure 5 is a summation of the wavelength band from 1.2 to 2.8 A, plotted 

vs. vertical position. A Gaussian has been drawn through the direct beam 

profile. At wavelengths longer than 5.7 8, we observe the full beam with 

only small-angle scattering, as illustrated in fig. 6 for a wavelength of 

12 A. Note that the beam center is considerably lower on the detector, due 

to gravity. 

10. Future Schedule. 

The single-aperture collimator will be completed and a variety of 

calibration samples will be run in December, 1986. Guided by the results of 

those tests and the tests already performed, the instrument will be 

completed during the following six-month shutdown of LANSCE. The gravity 

focusing mechanism and the multiple-aperture collimators will be installed, 

a small scintillator monitor detector will be mounted at the center of the 

beam stop in front of the main detector, the new Anger camera will be built, 

and a filter will be designed to be placed before the collimator entrance 

aperture. New permanent shielding will be installed around the detector and 

around the collimator apertures. We will also be developing and adapting 

software to analyze the 1986 data and to be prepared for the 1987 run cycle. 

The instrument should be fully operational and ready for outside 

experimenters by the end of 1987. 

Acknowledgments 

The LQD would not be as well along as it is today without the help 

which has been received from colleagues at the IPNS and at ISIS, in the true 

spirit of ICANS. This work is supported by the U. S. Department of Energy. 

444 



Fig. 4. 

t500- 

lOOO- 

500- 

Time-of-flight spectra at various vertical positions, summed across 
the horizontal extent of the detector. Each unit in Y is, about 
9 mm. There was 10 cm of Pb in the beam, leading to both large- 
and small-angle scattering, and to strong Bragg effects. 
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Fig. 5. Count rate as a function of vertical position, in the wavelength 
range 1.2 to 2.8 A. The direct beam profile is estimated by the 
Gaussian; it is larger than and somewhat higher than the beam stop. 
In this range the scattering should be relatively isotropic. 
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Fig. 6. Count rate as as function of vertical position, at X = 12 A. At 
this time the beam has fallen far enough to be centered on the beam 
stop. Small-angle scattering from the lo-cm Pb sample is apparent. 
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using Computed Tomography. 
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ABSTRACT 

This paper describes how the considerable body of knowledge on image 

reconstruction from path integrals (computed tomography) may be 

applied to total, time-of-flight neutron scattering experiments (ie 

those involving no experimental energy analysis) to obtain the’neutron 

scattering law s( K, w). It is possible that such reconstruction 

techniques may have wide application in the fields of neutron powder 

diffraction, amorphous scattering, liquids scattering and 

quasi-elastic incoherent scattering. The technique was first described 

by the author in reference [l] . 

1 INTRODUCTION 

In a time-of-flight neutron scattering experiment in which no energy 

analysis is performed the recorded intensity in a particular detector 

and time channel is related to a curved path integral over the K,CI) 

plane. Adjacent time channels from the same detector provide an 

integral over a neighbouring, parallel, curved path. Typical paths for 

a detector at a scattering angle (20) of 10’ are shown in Fig.la. 

Detectors at different scattering angles have different paths and 

those for 30’ and 60’ are shown in Fig.lb and lc. 
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Fig 1 

,m, LIT 9;O \2= , 1.0, Zl)= 6p.O , 

If the path integral can be written down in terms of a scattering law 

which is path-independant the problem may be mapped to the image 

reconstruction problem solved in real-space tomography. 

In 52 we show how a total-scattering time-of-flight experiment may be 

expressed in a form suitable for reconstruction, and an example of a 

reconstruction is given in 53. 

2 TOTAL NEUTRON SCATTERING 

We consider an idealised time-of-flight neutron scattering experiment 

in which a pulsed , white beam of neutrons is incident on a sample (S) 

and detected (D) at a scattering angle of 28, Fig 2. All neutrons are 

assumed to leave the moderator (M) at time t=O . 
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Fig. 2 

Neutrons arriving at a time t at the detector may have been 

elastically or inelastically scattered , but their overall flight time 

determines a relationship between their primary and secondary energies :,,: 

El and E2. 

We have 

Thus neutrons arriving at a particular’time must have scattered ,from ‘a“ ‘, 

point on a locus in the (El ,E2) plane defined by eq. 2.1. 

More usefully we may describe this locus in the (K,c\)) plane where , 

hw = El - E2 - 2.2 

- = kl - k2 K - 2.3 

K2 = kf + k; -2klk2cos( 20) - 2.4 

For any value of .E 2, ,El is defined (eq.2.1) and from these values hc\, 

and K may readily be determined (eqs. 2.2,2.4). The loci in the (K,w) 

plane are illustrated in Figs.la-lc. 
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The point of selecting the (K,u) plane is that, as a consequence of 

the first Born approximation to the cross section [2], all neutron 

scattering cross sections may be described in the form 

d20 k2 
mE2 = 5 F(K,@) 

where F(K,@) is a function only of K,W and not kl or k2 . 

For example a monatomic liquid has: 

F(K,w) = Nut 
G g(K,@) 

- 2.5 

- 2.6 

Thus F( K, o) may be regarded as an ‘image’ in the K, o plane, which 

remains fixed when ‘viewed’ from differing angles. The different 

angles are provided by the varying loci corresponding to different 

t,Ll,L2 combinations. The ‘view’ is obtained from the fact that the 

number of neutrons recorded in a particular time channel are related 

to an integral over a locus in the K,(r) plane. 

The number of neutrons arriving per unit time n(t) between times t and 

t+6t in the idealised experiment shown above is given by: 

n(t) = J dw dQdE2 1 &ME )n(E2) 
0 

- 2.7 

(K,w) locus 

- 2.8 
0 

(K, w) locus 
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a path integral over the (K,(o) plane. Writing eq.2.8 in a discrete 

form we have 

n tm 

nP = ‘1 z wijpsij 

i=I j=-m 

- 2.9 

where Sij is the value- of S( K,cI)) in cell K c\) in the K,(r) plane and 
ij 

W ijp is a weight for that cell for path p. Note that we have chosen n 

K cells (i=l,n) and 2m+l du cells (j=-m,..,O,..+m) corresponding to the 

integral from -c’lirn to +tilim I 

In the example of a monatomic liquid the weight would be: 

w.. = 
1JP 

?(El)n(E2) 

( Ki ,wj) cell 

- 2.10 

We may further use the 

and 020 ) are related by 

S(K,W) = 

fact that the two halves of the K,(r) plane ($<O 

the ‘detailed balance’ condition [2] : ‘., 

exp(%w/kgT) S( K, -CO) - 2.11 

Separating the equation 2.9 into two we may write: 

j=-1 j=m 

l?(t) = IL w.. i.Jp’ij + 1X ‘ijp’ij 
- 2.12 

. . 
1 J=-m i j=O 
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j=m 

n(t) = (we. + w 
1JP 

i_jpexp{-tiwj/kgT) )Sij 

i j=O 

j=m 

n(t) = 
II 

w’.. s.. 
1JP 13 

i j=O 

- 2.13 

- 2.14 

The inversion of the problem posed by eq.2.14 is completely analogous 

to the image reconstruction problem. A method of solution and 

references to similar problems is given in [l]. 

3 AN EXAMPLE 

To illustrate the possibilities of this method the following steps 

were followed. 

A discrete scattering law Sij for an ideal gas was set up using a 

rectangular cell array on the K,(r) plane. Six CI) cells spanned the 

region 0.0 to 50.0 meV, and 18 K cells the range 1.0 to 5.0 A-1. 

S ij was calculated for the centre of eac‘h cell from the expression: 

s(K,W) = 

where E = -h2K2/2M 

A table of the values of S.. 
1J 

thus produced is shown in Table a. 

Eighteen time of flight values were chosen for each of ten scattering 
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angles and their corresponding loci in ( K,o) space computed (see 

Fig.1). The t-values at each scattering angle were chosen to cross 

the near centre of each elastic channel. The scattering angles were 

10,20,30,40,50,60,70,80,90,100°. 

w. * 
1JP 

were calculated for each path and the 180 path integrals computed 

from eqs. 2.10,2.13 with the assumption that the incident neutron 

spectrum, Wl), followed that for an ambient moderator on the ISIS 

source 131' The path integrals were then given random errors 

corresponding to fractional errors of - 0.5%. 

The reconstruction algorithm was then applied, using only the 

knowledge of the path integrals and their loci on the K,(r) plane. 

Table lb gives the values of the reconstructed S. 
13 

values after 

500,000 cycles (-30m cup for VAX8600). This shows remarkable 

agreement over the entire K,c\) plane and produces good estimates of the 

width (in o) of the central peak feature and identifies the shift in 

its centre of gravity. 

0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.06 0.13 0.22 0.34 0.48 0.63 0.18 0.92 1.06 1.17 
0.00 0.00 0.00 0.00 0.01 0.03 0.09 0.19 0.33 0.50 0.69 0.88 1.06 1.22 1.35 1.45 1.52 1.51 
0.00 0.00 0.01 0.06 0.18 0.36 0.60 0.86 1.12 1.35 1.54 1.68 1.78 1.85 1.81 1.86 1.83 1.78 
0.03 0.18 0.49 0.91 1.34 1.72 2.01 2.21 2.33 2.39 2.39 2.34 2.21 2.18 2.07 1.95 1.83 1.71 
2.40 3.23 3.66 3.81 3.78 3.65 3.46 3.25 3.03 2.81 2.59 2.38 2.19 2.01 1.84 1.68 1.53 1.39 
7.62 6.26 5.28 4.53 3.94 3.46 3.06 2.73 2.44 2.19 1.97 1.77 1.60 1.44 1.30 1.18 1.06 0.96 

Table la 

0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.05 0.07 0.13 0.24 0.32 0.49 0.61 0.78 0.92 1.12 1.15 
0.01 0.01 0.01 0.03 0.02 0.01 0.08 0.18 0.31 0.48 0.69 0.88 1.08 1.23 1.35 1.47 1.47 ' 1.56 
0.01 0.02 0.09 0.00 0.17 0.39 0.60 0.89 1.13 1.36 1.55 1.68 1.78 1.84 1.87 1.86 1.83 1.80 
0.02 0.06 0.41 0.93 1.31 1.70 2.01 2.19 2.31 2.39 2.38 2.34 2.26 2.18 2.07 1.94 1.83 1.71 
2.42 3.24 3.67 3.81 3.19 3.65 3.46 3.25 3.05 2.81 2.59 2.41 2.19 2.03 1.85 1.69 1.53 1.40 
7.61 6.27 5.28 4.53 3.95 3.46 3.06 2.12 2.45 2.17 1.94 1.77 1.58 1.43 1.29 1.16 1.05 I 0.95 

Table lb 
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4 CONCLUSIONS 

It is possible that the method described above may be of considerable 

use in separating elastic from quasi-elastic or inelastic scattering 

in neutron powder diffraction. If the K-range accessible to many 

detectors is sufficiently large_ the technique may be extended to 

liquids and amorphous problems and possibly the mapping of 

quasi-elastic incoherent cross sections. 
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ABSTRACT 

We report on. the research development of the 

instrumentation of the TOP. installed at the C-3 guide tube 

looking at the cold neutron moderator at KEK. This paper mainly 

deals with the newly .installed data acquisition system using the 

PC9801 computer system combined with the time analyser which was 

also developed at KEK. A new multi dimensional time analyzer 

system with the position sensitive detectors will be installed 

near future. 

1 INTRODUCTION 

We published technical report ,on the instrumentation using 

spallation pulsed polarized neutrons, namely the TOP spectrometer 

installed at the C-3 quide tube looking at the solid methane 

moderator cooled at about 20K1-3). The TOP spectrometer , we 

believe,was completed as the first instrument which produces 

polarized neutron pulses with continuous wavelengths, although 

the wavelength region is longer than 0.3nm . Since then it has 

continuously been improved and also has been used for numbers of 

studies on solid state physics. This report is mainly described 

on the data handling system consisting of 4) the personal 

computer PC9801, several CAMAC and GPIB modules. Although the 

cost for this system is relatively low compared with the similar 
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system using the LSI-11 microcomputer, the performance is 

satisfactory for our purpose of the data acquisition, analysis 

and the control of several environmental devices. 

In the next section we present the new data handling system 

together with some examples of data out put. The third section 

will be devoted to the description of a new time analayzer system 

for small angle scattering using polarized neutrons, which is 

now under construction. 

2 TOP DATA ACQUISTION SYSTEM . L 

As we described in the previous paper 3, (here after we call 

paper 11, the TOP instrument is capable to polarize cold pulesed 

neutrons with a magnetic Soller mirror polarizer 1) and it has 

been used for various diffraction studies as well as the 

polarization analysis5). Figure 1 depicts a schematic structure 

of this instrument which is duplicated from the paper 1. 

The TOP data acquistion system is aimed to be used for data 

taking and analyzing and additionally, it is used as the 

controller of the TOP instrument. The data handling room is 

located in the building separated from the experimental hall 

and therefore a terminal was equipped for the sake of remote 

control as well as communication to the computer in the 

experimental hall. 

The host computer of PC 9801E with ancillary processores, 8 

inches disks (2OM Byte) and hard disk is able to operate the 

GPIB and CAMAC modules via GPIB interface board and CAMAC crate 

controller respectively. Either raw data or their analyzed data 

are immediately displayed on the color CRT screen and also they 

are edited on screen. These pictures also turn to the hard copys 
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immediately. Besides the standard roles as mentioned above an 

extra role was added that slave computer which is assigned by 

users can be used as the local station communicating with the 

big laboratory computer , for instance. Note tha-t the role of 

master or slave computer is always altered by users convenience. 

The data which should be handled are listed- below: 

1 Digital counts distributed in multichannels of the time 

analyzers and signals to show the status of the time analyzers. 

2 Digital out puts from the multimeters to show the 

environmental conditions such as temperature. 

3 Several warning signals and those from limit switches. 

Main controlling items are also listed: 

1 The gate of each channnel and switches distributing the 

digital counts in time analyzers to desired channels. 

2 Pulse motor drivers of various goniometers at polarizer, 

sample and analyzer positions. 

3 Power supplies for the magnets for the polarization 

analyzer, in particular the vector analyzer.' 

Since the system is oblized to operate in the way of 

multitask , it was necessary for us to develop an operation 

system software due to the fact that the real time sharing 

multi operation system for this particular computer is not 

available yet. We have introduced a software adaptor of VMX86 

with which we could modify the personal computer system to the 

multitask operating system. The following two figures illustrate 

the hardware configuration of the TOP data acquisition system and 
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the conceptual drawing of our multitask system. Concerning the 

latter figure, we explain more in detail.The realtime task of 

TCFEE always monitors the digital out puts detecting 

environmental conditions such as temperature and warning 

signals . The back ground tasks function the way of time slice 

and they are commanded by users. 

Although users are able to access their own made users 

programs, we have prepared general programs for the purpose of 

data acquisition , primary data handling, data analysis and data 

transfer, besides several controlling softwares. The following 

chart illustrates how the TOP data flow with these prepared 

softwares. Finally we presesnt here several examples of data 

displays which are actually colored pictures on the CRT screen. 

We can obtain the data either by choosing any prepared format or 

by making user's own format. We can also edit these dataon 

screen. Users usually transfer the data into the floppy disks and 

bring them to their own institution with them. 

3 TOP MULTI DIMENSIONAL TIME ANALYZER SYSTEM 

Although a detector bank for small angle diffraction is 

equipped now, the TOP spectrometer can not always produce 

satisfactory data with high resolution. In particulary the small 

Q data are not taken yet.Therefore we aim to replace it to a 

position sensitive detector (PSD) system. For that purpose, we 

must develop the TOP multi demensional time analyzer system 

(MDTA) which are now under construction. The following schematic 

drawing illustrates the block diagram for it. 

At this moment we will use three linear PSD.Digital signals 

from each detector are added into the 64 positional channels 
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times 32 timing channels. The typical resolution in Q/Q is 

considered to be 0.1 corresponding to the mesh of Icm in position 

times 1 msec in time. Since our measurements are dependent on 

neutron polarization, the additional coincidence with the spin 

flipper must be taken and the special circuit must be prepared 

distirubuting the data to at least two different ( neutron spin 

up and down) channels. We aim to have 16 channels in total. 

We hope to complete this system before the end-of this year 

and to start the experiment by using this new system at 

early stage of next year. 

To conclude we succeeded to develop the data acquisition 

system with a personal computer PC 9801. We feel that the cost 

performance for our system is very good. If we require much 

higher grade than the present performance we will face the 

limited capability of personal computer.But we hope that the 

present TOP data acquisition system can handle the complicated 

data of polarized neutron small angle scattering measured with a 

new TOP PSD system. 
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FIGURE CAPTIONS 

Fig.1 Schematic drawings of the TOP spectrometer duplicated from 
paper 1. 

Fig.2 Hardware configuration of the TOP data acquistition system. 
Master or save computer is assigned by users. (See taxt) 

Fig.3 Conceptual drawings of developed multitask operation 
system of the TOP data acquisition system. 

Fig.4 Present data flow through our general softwares for the 
TOP data acquisition system. 

Fig.5 Typical examples of the graphic displays of the data 
taken with the TOP data acquisition system. (a) Real time 
display of TA data, (b) display of the information of the data 
area. (c) The display of data analyzed to the polarization 
representation. 

Fig.6 Schematic drawings of the multi dimensional time analyzer 
system for the linear position sensitive detector. 
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1 INTRODUCTION 

Improved neutron detector technology now enables neutron scattering 

instruments with many thousands, or even tens of thousands, of detectors 

to be built. This increase in detector numbers will have significant 

effects on the associated data acquisition systems for time-of-flight 

instruments and in this paper we attempt to identify some of the problems 

that are likely to arise over the next two to five years. Having posed 

the problem we will look at one or two solutions. 

Over the next few years anger cameras will enter service with around 

16,000 detector elements per camera. Single crystal instruments can quite 

sensibly employ 3 such cameras per instrument making a total of 48,000 

detector elements on a single instrument. Using 700 time channels implies 

a total of 33 million time/position channels. 

Similarly, new powder instruments with up to 10,000 individual 

scintillator tiles may be built which, when combined with the need to 

employ 4,000 time channels requires a total of 40 million channels 

storage. 

Even instruments with more modest storage requirements, can quickly 

multiply them by the need to, store time-dependant data. 

469 



2 THE EXISTING ISIS DATA ACQUISITION SYSTEM 

To see how these developments will affect data acquisition systems we will 

examine the particular case of the ISIS PUNCH system. This is shown in 

figure 1. 

10 MHz 

Cl 1 
SOKHz VAX 

730 
: YEY --_( 

VAX 8600 

Fig. 1 

t5 KHz 

The shaded components indicate the points at which data is stored. In the 

DATA INPUT MODULES (DIM) the neutron event is time stamped and the time 

descriptor stored for up to 51.1s before being read out on the 10 MHz 
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instrument crate bus. It is then stored for one frame (20ms) in the PING 

PONG FRAME MEMORY (PPFM). This is to ensure that the data is not 

corrupted by any incorrectly taken data during the frame. Following 

compaction from 40 to 24 bits in the DESCRIPTGR GENERATOR (DG) the event 

descriptor is finally recorded by incrementing the appropriate word in the 

BULK STORE memory (MEM) , where it effectively remains for one run. The 

his togram of events is then copied to the FRONT END MINI COMPUTER disk, 

where it may reside for one or two days, and on to.HUB computer where it 

may last for some tens of days for further analysis. Notice that data is 

stored for increasing lengths of time at subsequent locations and each 

pathway between storage points must be fast enough to remove all the data 

in the storage time of the ‘up-stream’ location. The transition rates 

within the existing ISIS PUNCH system are shown in FIG.l. In particular 

the transfer between the DAE memory (MEM) and the Front End Minicomputer 

(VAX 730) is at an effective rate of 50 Kbytes/s, and the transfer rate 

over the Cambridge Ring is 25kbytes/s. Thus a run using a total of 

0.5 lo6 time-of-flight channels that requires 2 Mbytes of memory storage 

in the bulk store can be transferred to the FEM computer in a total 

elapsed time of 40 seconds. Since most runs have a duration well in excess 

of 4os, no major problems arises from this combination of run size and 

transition speed. 

3 THE PROBLEM 

FQr the data sets described in $1 the memory storage requirement is 

obviously a lot higher. An experiment using 40.106 time-of-flight channels 

will require 80 or even 160 Mbytes of memory depending whether two or four 

bytes of memory are used for each channel. Figure 2 shows a simple 

modification to the existing data acquisition electronics which shows the 

MEM module converted to a memory controller and large numbers of new 

memory cards introduced in a separate crate. This overcomes the present 

limit of 16Mbytes on the capacity of the bulk store, and with memory 

prices as low as f200/Mbyte a total memory configuration of 100 Mbytes is 

entirely feasible. 
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Fig. 2 
I 

However, with data sets of 80 Mbytes, the existing transfer speeds imply a 

transfer time of -3Om to the FEM computer and -6Om to the HUB computer. 

Clearly runs may last less than 1 hour and hence the transfer time will 

become a serious problem. This could, in principle, be solved by improved 

transfer speeds between the DAE-FEM and FEM-HUB , although many of the 

limits to these transfer rates are determined by VAX system software and 

may prove difficult , in practice, to change by orders of magnitude. 

More than the transfer time, there is also the problem of the shear bulk 
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of data to be stored and the problem in displaying the entire data in some 

useful form. The elegant solution therefore resides in some form of data 

compression that may be applied either before, or at the histogramming 

memory stage. 

4 POSSIBLE SOLUTIONS 

So far two types of data compression have been identified. The first 

applies to single crystal instruments where the. data is sparse and 

consists of regions of intensity in a 3-d histogram. The data may be 

compressed by factors of 1000 or more by extracting the integrated peak 

intensities and positions of the discrete Bragg reflections. ,The second 

technique applies to powder and LOQ instruments where the data compression 

takes the form of a transformation of the time coordinates before the 

spectra from different detectors may be added together. The data may also 

have to be corrected for wavelength dependent effects before the 

transformation. 

4.1 Incrementer Solution 

In the case of single crystal data it is conceivable that an ‘intelligent 

incrementer” ( INC figure 2), provided with knowledge about the sites of 

high intensity in the single crystal data, could.be used to assign short 

words to background and long words to the high intensity regions. This 

has two disadvantages. It is inflexible, in that you have to know the 

structure and orientation of the crystal beforehand, and there is the 

danger of missing weak reflections. Alternatively, short words could be 

assigned to all regions and overflows stored as a list in a separate area 

of the bulk store. However, in either case, the methods would only save a 

factor 2 or 3 in the data storage requirement. 

4.2 Descriptor Generator Solution 

In the case of powder diffraction it is conceivable to shift this 
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intelligence to the descriptor generator (DC in Fig.2) and by providing 

the information necessary to shift the x coordinate on the fly a large 

number of individual detector elements could be summed together before the 

descriptors reach the memory components. For an intelligent descriptor 

generator to run at speeds required of a powder instrument (i.e. around 1 

MHz) special signal processing chips would have to be used whose logic was 

essentially hard wired. This again has the disadvantage that it is 

inflexible. If 32 bit processor chips were used in their place this would 

give complete flexibility in the transformation of the descriptor on the 

fly but would reduce the data acquisition rate to around 10 KHz. A 

drawback for both DC solutions is the fact that subsequent wavelength 

dependent corrections would have to be performed on averaged data, with 

the possible erroneous assignment of weights to the correction factor. 

4.3 Intelligent Memory Solution 

A third possible solution is shown in figure 3. In this solution the 

large memory array is segmented into a number of individual memory boards 

each equipped with its own processor, shown as pl, p2, p3 etc. in figure 

3. Programs would be down loaded via the CI interface into program 

storage areas (P), By a suitable choice of processor/memory board size, 

the data could be processed in between 10 and 100s to compress the data 

from the large area of memory (H - Fig.3) to the compressed area (C). 

This would be especially suitable for peak intensity determination in SXD 

type machines and the same architecture could be employed in powder 

machines and low Q machines. The use of the incident spectrum in the data 

analysis process would present no inherent difficulties since the incident 

spectrum would be available in part of the memory at the time of analysis. 

It is further possible that the compressed areas of memory could be 

directly connected to display systems in order to provide fast real time 

displays for the experimenter who is trying to determine the course of the 

run. Clearly in the case of powder analysis if processor pl wishes to 

access memory allotted to processor p4 there is considerable advantage is 

the processors could be linked and it is in this way that the transputer 

with its inter-processor link could provide an additional advantage. 
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POLARISING PIUIEK DEVELOPYENTS AT ISIS 

J Mayers’, R Cywinski*, I R Harrisx, M Hixonx, W G Williams+ 

’ RutherEord Appleton Laboratory, Chilton, Didcot, Oxon, OX11 OQX 

* Department of Physics, Reading University, Reading, RG6 2AF 

x Department of Materials Science, Birmingham University, P 0 Box 363, 

Birmingham B15 2TT 

As part oE the development program for the polarised neutron instrument 

POLARIS on the ISIS spallation neutron source, tests have been performed 

on prototype neutron polarising filters for pulsed neutrons. The 

principle of operation is to align samarium nuclei at mill ikelvin 

temperatures. There is then preferential absorption of one of the two 

neutron spin states near the 96 meV nuclear resonance absorption in 

samarium. The best results obtained so far have been with a filter of 

sintercd SmCo5 cooled to 0.014K in a dilution refrigerator. The measured 

polaris iug e E E iciency of this filter is between 98% and 67% with 

corresponding total transmittances of 10% and 33% within the energy range 

10 meV to 150 meV. The average value of P2T over this range is greater 

than 70% of the theoretical optimum obtainable by this method. 
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1. INTRODUCTION 

The POLARIS instrument on the ISIS spallation neutron source is at present 

devoted to developing polarised neutron techniques on pulsed neutron 

sources. The measurements described here, performed on the POLARIS 

beanline, are part of the program for developing efEicient neutron 

polar isers for such sources. We wish to develop devices which will 

polarise both over a broad energy band in the cold and thermal neutron 

ranges and at epithermal neutron energies. The first requirement is 

necessary so that time of flight techniques can be used on a ‘white’ beam. 

The second because at present the only practical devices for polarising 

neutrons at high energies utilise Bragg reflections from magnetic single 

crystal-s such as the Heusler alloy CuzMnAl or iron-cobalt. The resulting 

monochromation of the neutron beam is very wasteful on a pulsed neutron 

source where time of flight techniques can be used to define the neutron 

energy. It is possible to produce low energy ‘white’ polarised neutron 

beams by using supermirrors. In principle, supermirror guides could also 

be constrxted to operate at epithermal energies but so Ear their :lseful 

range of operation is limited to energies below 30 meV. Polarising 

f iLtere have advantages over supermirror guides even if these could be 

rilade to operate at epither0kll. energies. Probably the most important 

advanta,g:c is that a Eilter will accept all beam divergences whereas the 

divergence of the bea:;l transmitted by a guide is limited. However the 

polarising filters afd more 

The theory oE operation of 

fully described previouslg 

ditEicrl1.t to operate. 

cr?Sonance absorption neutron fi-Lters has been 

(1: L,3), so we give only a brief description 

here. The filLters operate 1:. r preferentially absorbing one of the two 

neut ran spin states at ene rg .es close to neutron resonance absorption 

energies in aligned rare eart.h nuclei (4). The method depends upon 

producing a high atomic moment alignment in the filter either by using a 

ferromagnetic material or by applying a magnetic field (2 0.1 Tesla) to a 

paramagnet ic material. At sufficiently low temperatures the nuclear 

moments will then align, parallel to the atomic moments, in the hyperf ine 
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field produced by the orbital motion of the 4f electrons - the Rose-Gorter 

effect (5). 

The Sm14’ isotope has a nuclear polarisation of n 90% at 15 mK and there 

is a Breit-Wigner resonance centred at h 96 meV and with a width Of! h 67 

meV (S,I). The wings of the resonance extend sufficiently far to make 

this isotope a useEu1 neutron polariser at all energies between 0 and 200 

meV. There is also a higher energy resonance at h 870 meV, which could be 

used to polarise neutrons at energies between 750 and 950 meV. The 

capture cross-sections in Sm149 for the two neutron spin states are 

al: = a(1 + PPN) (1) 

where p 
I 

= 1+1 is a nuclear spin weighting factor. Sm149 has a nuclear 

spin of 712 so that the two spin state capture cross-sections are in the 

ratio 8: 1 at PN = 1. In this paper we describe measurements on prototype 

filter materials containing polarised.samarium nuclei. 

We have concentrated on developing metallic filter materials as these have 

better thermal conductivity. At the high neutron intensities on ISIS it 

is anticipated that the extraction of the heat produced within the filter 

by the neutron capture’ process is likely to be problematical. A metallic 

material will allow heat to be easily conducted from within the Eilter to 

its surf ace. Probably more importantly a good metal to metal contact 

between the filter and the dilution refrigerator, used to attain the 

necessary millikelvin temperatures, will eliminate problems associated 

with the Kaptitza thermal resistance at the filter surface. 

In principle a paramagnetic material 

ferromagnetic material unless a 

will give a better performance than a 

filter consisting of a single 

Eerrornagne t ic domain can be produced. This is because of the presence of 

depolarisation effects in ferrotnagnets, which limit both the ultimate 

polarisation of the beam and reduce the transmitted intensity. However, 

so far we have been unable to find a metallic material containing samarium 

which behaves paramagnetically at h 15 mK, the temperature necessary to 

generate a high nuclear polarisation. At such low temperatures even small 

interactionsxwill tend to cause magnetic ordering. 
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In the following section we describe measurements made on a 5% solid 

solution of samarium in palladium, which we hoped would behave 

paramagnetically, but which showed evidence of magnetic interactions 

between the samarium atoms. We also describe the results of measurements 

on a filter consisting of the ferromagnet SmCo5. This material has 

produced by far the best polarising performance of any polarising filter 

so far developed. 

2. MEASUREMENTS ON Pd0,9m,05 

The samarium and palladium used in the preparation of the filter were 

supplied by Rare Earth Products and Johnson Matthey Chemicals Ltd. The 

purity of the samarium was 99.99% and the palladium was ‘specpure’ . The 

alloy was prepared in the Department of Materials Science and Pletallurgy 

at the University of Birmingham. Appropriate amounts of the two metals 

were argon arc-melted several times on a water cooled copper hearth and 

the resulting button was homogenised for two weeks at 1200°C in an ar,gon 

atmosphere. The homogeneous alloy was cold rolled to a thickness of 0.84 

mm and then annealed for a further six hours at 800°C to relieve internal 

strains. Energy dispersive X-ray analysis gave a composition of 5 at % 

sm. The filter was soldered to a copper plate whi.ch was attached by 

SC rews to the bottom of the dilation unit oC a dil.lt ion refrigerator 

supplied by Oxford Instruments Ltd. 

In the first 

a temperature 

Th = exp(- 

whera Nt is 

cr:)ss-sect ion 

measurement, the transmittanct? of the filter was meas:ired at 

of 1.2X. The transmittance of the filter is essentially 

Nt a) (2) 

the number of samarium at.om?;/cm 2 and o is the absorption 

of sanarilim. XI 1 other absor! 

witlkin the filter at-e negligible compared to 

:jamarium absorption cross-sect ion as a Funcr 

as 

>tion and scattering processes 

the samarium absorption. The 

ion of ener;<y E can be written 

‘4, 3 A, 
o(E)=(+) _. = 

A,. A, f A7 ._ - 
I’: 2(E-Al) 2 +__?+ E’ (2) 2 E 1+ F---l 2(E-A+ 

A2 

1 + 
[- 

*6 
1 

(3) 
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The first and third terms are Breit-Wigner forms for ,the nuclear 

resonances nominally at 96 meV and 872 meV (6,7). The second term is a 

negative energy resonance which becomes significant only at low energies 

and gives a capture cross-section which is inversely proportional to the 

neutron velocity. The neutron energy is related to its time of flight, t, 

by E = 5.2276 x 106 L2/t2 where L, the moderator to detector distance is 

in metres, t is in wet and E. in meV. [The. moderator-detector distance, 

10.55 m was calculated by fitting the transmitted time-of-flight spectra 

from uranium and iridium for which the resonance energies are known 

accurately. I 

Figure 1 shows the measured PdSm transmittance and a ELt to the data using 

the functional form given by equations 2 and 3. 

We obtained the values 

Al = 96.3 (+ .O.l) meV 

A2 = 62.7 (+ 0.3) meV 

A3 = 5.17 (+ 0.03) 

A4 = 0.34 (+- 0.01) 

A5 = 875.0 (I 1.0) meV 

A6 = 68.1 (,t 0.1) meV 

A7 = 0.774 (+- 0.001) 

‘The quoted errors are estimates obtained by observing the variation in the 

final fitted parameters as the input values to the fitting routine were 

varied. The ene’rgy values are in good agreement with resonance parameters 

given by Plarshak et nl. (6) and Asaoi (7). ‘The number density Nt vJas 

call.culated from A3 and A4 using a value for o (98 meV> of 18200 barns and 

for o (870) of 2760 barns; this gave. the valne Nt = 2.84 x 102’ Sm 

atomslcm2. Thi.s number density is slightly greater than the opt.imum value 

for a samarium filter (8). 

In order to characterise the filter performance it is also necessary to 

find the ratio of the neutron transmittance at ,operating temperature (T,)‘ 

to that at 1.2K (TH). At 1.2K the nuclear polarisation, PN, is 

insignificant. Tt can easily be shown (1,2) by using equation (1) to 

calcilIate the transmittances of the two neutron spin states, that 
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Tc -= 
T cash (pPN Nt 0) 

1-I 
(4) 

The measured transmittance ratio for PdO,95 SmO.05 is shown in Figure 2 

together with the fit to equation (4). Using the value of Nt o calculated 

from the transmittance at 1.2K, the nuclear polarisation, PN, was found to 

be 0.336. The measurements were performed at a temperature of 25 mK 

(measured by Co6’ nuclear orientation thermolaetry) and in a f Feld of 2.5 

tesla. Under these conditions the expected nuclear polarisation for Sm is 

h 0.75. 

The most probable explanation for the low nuclear polarisation is that 

there are magnetic interactions het#een the Sm atolns. This hypothesis is 

supported by the observation that when the magnetic Eield was reduced to 

zero, some nuclear polarisation was retained. Figure 3 shows the measured 

and fitted transmittance ratio at zero field. The fit gave a residual 

polarisation PN = 3.18, confirrlling that the filter is not behaving as an 

ideal. paramaJTnre. 

The transmittance, T, and the polarising efficiency, P, of the filter are 

given by 

T= e.!ip( - Nt o) cosh( PPN EJt a) (5) 

P and ‘C, ca1ilul ated 11sirlg the fitted vallles of Nt o and PN, are shown in 

figure 4 as a f unc t ion of kqavelcngth. Roth P and T are signi.ficantl_y 

lower than the values achievahl2 in a E<llly aligned Sim fil.ter. 

3 . . MEASUREMENTS ON SINTERED SmCo5 

SmCo 5 is ,didely used as a commercial ferrornagnet Ath high coercivity and 

magnc? t ic inductance . The filter used for the neutron measurements was 

also prepared and characterised at the Department of Physical Metallurgy, 

Uni.versity of Hirminqham. Slices of dimensions 4 cm x 1 cln x 0.1 cm were 

c&It from a parent block of sintered SmCo5 using a 10~ speed ‘isomet ’ 
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diamond cutting wheel. These slices had ,their magnetic C-axis in the 

plane of the slice and along the 1 cm edge. Each slice was subsequently 

spark planed to a thickness of 0.024 cm to give the required Sm atomic 

thickness. 

A small sample of the material was analysed on a Sucksmith type magnetic 

balance to find the degree of magnetic alignment. The remanence both 

parallel (Br 11) and perpendicular (Brl) to the alignment direction was 

measured. The mean value *OS 8, where 8 is the angle between the 

crystallographic c axis of the individual particle and the alignment 

direction of the filter was determined using an empirical model and found 

to be 0.91. 

A filter of dimensions 3 x 4 cm was constructed by laying the slices side 

by side. This was contaCned inside a hollow aluminium filter holder and 

the measurements were performed with the filter immersed in the He3-He4 

mixture of the dilution refrigerator. Good thermal contact between the 

material and the mixture was expected because of the large surface 

area/volume ratio of the sintered material, where the measured particle 

diameter was - 1 micron. ‘The procedure used to characterise the filter 

performance was identical. to that described in section 2. The neutron 

beam was collimated to a 1 x 2 cm size to ensure that all detected 

neutrons had passed through the filter. The values of the 14’Srn nuclear 

resonance parameters obtained Erom the fit to the filter transmittance at 

4.2K were 

Al = 96.1 (+ 0.1) meV 

A2 = 67.3 (+ 0.1) neV 

A3 = 4.15 (+ 0.04) 

A4 = 0.235 (t 0.01) 

A5 = 870.2 (+ 0.1) meV 

A6 = 75.2 (+ 0.1) meV 

A7 = 0.61 (-+ 0.01) 

These are also in good agreement with previously published values of these 

resonance widths and positions. In figure 5 we show the measured 

transmittance ratio for SmCo5 together with a fit to the data. The 

temperature of the dilution unit measured by Co60 nuclear orientation 
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thermometry was 14 mK. The solid line is a fit to the function (1,2) 

Tc 
-= exp(-Dt) [cosh(Kt) + Vsinh(Kt)] exp(C4/&) 
TH 

where Kt = [(NtopC1)2 + D2]$ 

Dt = C2(1-C32)/E 

V = Dt/Kt 

(5) 

(5a) 

(5b) 

This expression is more complicated than that of equation 4 because of the 

inclusion of depolarisation effects within the ferromagnetic material. In 

the model used to calculate depolarisation (1,2) the fitting parameter C2 

is related to the mean particle size and C3 is the particle alignlnent 

factor, <cos 0. The parameter C4 must be included to account for the 

different concentration of He3 in the mixture surrounding the filter at 

1.2K and 14 mK (9). Finally, pararqeter Cl is equal to the product of the 

particle alignment Coos 8> and the I.ocal nuclear polarisat ion with respect 

to the particle c axis. This prl,duct i.s the apparent rniclear polarisation 

expetienced by neutr<>ns passing through the E ilter. Ve obtain the values 

c 1 = 0.81 (k 0.01) 

C 2 = 5.0 (+ 3.0) rk!V 

c3 = 0.9 (4 9.2) 

C4 = 1.05 (k Ll.05) (,neV)k 

It can he seen fro3rn the quoted errors th_at the fit is very sensitive to 

the value oE Cl (= PN (cos 0) but relatively insens it ive to C2 and C3. 

This is not unexpected &en there is good alignment. In the limit oE 

perfect alignment , equat ions 5 reduce to equation 4 and there is no 

dependence on C2 and 2.3. A more accurate value for C3 can be obtained by 

using the value Py = 0.91 calcI11ated for Sn at the mcas:lred temperature of 

14 mK. The al.iqnment Fact:,r is then 
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This is in excellent agreement with the value determined from the 

measurements of remanent magnetisation. The value of the mean particle 

diameter derived from C2 is again in excellent agreement with that found 

during the filter characterisation. 

The parameter C4 can also be checked independently. The attenuation of 

the He3 in the mixture at 1.2K was measured by taking the ratio of the 

transmfttance at 1.2K with the mixture condensed around 

at 4.2K with the mixture extracted. This transmittance 

function 

the filter to that 

was fitted to the 

THe = exp( -C/E+) (6) 

and gave C = 2.31 meV*. At 14 mK the mixture contains 6% He3 (10) so the 

proportion of He3 in the mixture at 1.2K can be calculated from C and C4. 

Proportion of He3 
2.31 

in mixture at 1.2K = 6% x103_= 13.2% . 

This is in very satisfacatory agreement with the nominal value of 15%. 

It can be seen that excellent fits to the data were obtained and that / 

there is good agreement with other measurements where comparison is 

possible. The parameters can therefore be used with some confidence to 

determine the performance of the filter at different neutron energies. 

The polarising efficiency is (1,2). 

P 
Ttanh (Kt ) 

= 1 + vtanh (Kt) (7) 

where T = 
Nt (WC1 

Kt (7a) 

and the transmittance is 

T = exp(-Dt-Nta) [cosh(Kt) + \$inh(Kt] (8) 

The values of P and T obtained from the fitted parameters for the SmCog 
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filter are shown in Figure 6. In Figure 7 P and T for an ‘ideal ’ filter 

with the same value of dJt but with 450s 8> = 1 are shown for comparison. 

It can he seen that the performance of the filter is close to the best 

obtainable. It can be shown that the effective intensity of the polarised 
n 

beam produced by a filter is proportional to the product PLT for a wide 

range of sample properties (8). Figure 8 shows P2T as a function of 

neutron wavelength for the measured and ideal filters. The prototype 

filter gives between 70 and 80% of the eEfective neutron intensity of the 

ideal filter. 

DISCUSSION 

The performance of the SnCo5 filter described in this paper is as to our 

knorqledge the hest messilred so Ear of any neutron polarising filter. It 

could be used as a component of a polarised neutron instrument on a pulsed 

source. i?e noti plan to measure the filter performance at higher neutron 

intensities so as to examine Nhether there is any onset of beam henting 

ef Eects. The meas;lrement~ described here Mere performed at 2% of full 

ISIS intensity on a 1 i 2 cm filter area. This corresponds to a 10’ 

neutrnn!sec absorbed by t?le filter. At full intensity and with an 

inci.dent beam size of 3 x 4 cm the heat load will be increased by a factor 

oE 300. We also intend to measure the filter polarising ef E iciency 

directly by scattering the transmitted beam from a Xeusler alloy 

polarising crystal (3). 

Al though the polarisin: efficiency of the SmCo5 Eilter is worse than that 

expected from a perfect paraclaqet (3), the material has a compensating 

advantage. This is that there is no need to apply a :nagnetic field to 

align the atomic moilents. This sakes the technique for obtaining a 

polarised beam simpler. More importantly it provides the possibility of 

constr!lcting A large ar?a filter for anal,ysing scattered neutrons. The 

feasiibil.ity oE bui.ldinq H large i\r2a SnCo5 filter will be explored in the 

E:lture. 
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A time-of-flight neutron reflectometer, installed on the spallation 

neutron source, ISIS, is described (1). 

Particular features of the time of flight method: fixed sample geometry 

and sample illumination, constant resolution inqin e/X, and simultaneous 

measurement over a wide range of sine/h for approximately constant 

statistical accuracy, are highlighted. 

Examples of its potential use to study problems in surface chemistry and 

surface magnetism are presented. 

Preliminary commissioning results are included. 

Introduction 

In recent years a number of neutron optical phenomena have been 

investigated (2). Critical reflection of neutrons has been extensively 

exploited in neutron scattering me:lsurements and techniques, especially in 

the applications of neutron guide tubes (3,4), and neutron spin polarisers 

(5,6) l 

More recently neutron reflectivity measurements above the critical 

reflection angle have been applied to investigate interfacial phenomena 

(7-9) and surface magnetism (10,ll). 
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Traditionally critical reflection measurements using cold neutrons have 

been made on reactor sources by performing 0-28 scans with a well 

monochromated and collimated beam. The wavevector transfer resolution in 

such measurements is determined by both 68 and 6X. For fixed collimation 

60 and monochromatisation 6A the resolution is a function of the angle of 

incidence 0 through a cot868 term. Furthermore the area of the sample 

illuminated varies with f3 necessitating geometric corrections. 

More recently time of flight techniques have been exploited by Felcher 

(10,ll) on a pul.sed neutron source, and by Farnoux (12) on a reactor 

source. There are three main advantages in using a white beam time of 

flight technique on a pulsed neutron source like ISIS: 

(i) The reflectivity profile is measured in a fixed geometry. The range 

of sine/ X measured is determined by a wide band of incident: 

wavelengths, AX, at a fixed angle of incidence, 8. The area of 

sample illuminated is constant. 

(ii) There are also consequences for the resolution in sine/ X. On ISIS 

this resoltition is determined only by the collimation, 60, as the 

time Of flight resolution contribution frown the 6X term is 

St/t - 0.5?, nhich is negli,gible compared vith typical values from 

the divergence (cot 060) term (- 5%). As a result the resolution is 

essentiall_y constant over the sine/A range measured. 

(iii)Reflectivity and spectral profiles combine to give a slowly varying 

measured intensity over most of the sin e/A range oE the measurement. 

Tt is therefore possible to collect data with approximately the same 

statistical error at all sine/X vallles in a fixed measarernent time. 

Instrument Design and Specification 

A general schematic plan of the instrument is shown in Figure 1, The need 

to invest igate 1 iquid surfaces dictates that the incident beam should be 

inclined to the horizontal at an appropriate reflection angle . The 

wavelength range needed in the measurements must extend as far as possible 

into the cold neutron region and the instrument is therefore located on 

the N4 beam1 ine, viewing the 20K H2 moderator. 
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A horizontal slit geometry with an incident beam b 50 mm wide and h 2 to 4 

mm high is used and is collimated at a fixed inclined angle of 1.50” to 

the horizontal plane. This is the highest inclination angle that can be 

constructed conveniently in the ISIS shutter apertures; it allows a 

sufficiently large sine/h for the liquid surface studies - 0.052 -1 a at 

x = 0.5 8. The sample position is located at 10.25 m from the source and 

the sample-detector distance is 1.75 m at which single He3 gas detector is 

located. 

A single disc chopper, located at 6 metres from the moderator is used to 

define the wavelength band AA and to partially suppress frame overlap 

contamination. Additional suppression of long wavelength frame overlap 

neutrons is provided by a series of thin Ni films evaporated onto single 

crystal silicon mirrors and which are inclined to the incident beam at the 

critical reflection angle corresponding to the shortest wavelength which 

can produce frame contamination. 

Horizontal slits after the mirrors and before the sample position define 

the beam collimation and size. 

An option to insert a supermirror polariser, magnetic guide fields and a 

spin flipper between the normal sample positton and the frame overlap 

mirrors has been included to enable polarised neutron experiments to be 

performed. 

A wavelength range, 0.5 G X G 26.48, gives a range in sine/A of .OOl C 

sine/X G .052A1 at a fixed angle of incidence 8 = 1.5’. 

the maximum sine/X range available for experiments on 

For so~lid surfaces this range can be extended to higher 

of sine/X since the angle of incidence can be changed 

sample out of the horizontal plane. Many of the 

This represents 

liquid surfaces. 

and lower values 

by rotating the 

polarised beam 

experiments on surface magnetism will for example 

surfaces at much smaller incident angles, typically 

The resolution in sine/X has two contributions: a 

k/t term. at/t is given by a convolution of the 

be performed on solid 

8 rr 0.5O. 

cot 869 term and 6X/X = 

moderator pulse width, 

6tmod 9 and the time channel width in the time of flight electronics. 

6t mod is h 100 us for energies G 10 meV and b 20 X for 
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energies ) 10 meV, thus At/t h 5 x 111 -3 for a 12 m flight path. If the 

time of flight channel width is h 100 psec then the resultant k/t is 

h 0.7%. The resolution required in sin9/h is rr 2 to 5% and therefore on 

the ISIS is determined essentially by the contribution from cot66B. The 

collimation angles required to achieve resolutions rr 2 to 5% in sing/x are 

h 1 mrad. For solid surface experiments at reflection angles 0 6 1.5”, 

such resoLut ions are easily maintained by reducing the slit widths and 

hence divergence 68. 

Science 

Critical reflection of neutrons provides information on the scattering 

density or refractive index variations perpendic.llar t;, a silrf ace. We 

w i I. I. high1 igh t part icularlg the appl ica t ion to probl.ens in surface 

chemistry and stirEace magnetis.2. 

The rise 0 f contr4st vsriat ion, through del~terilln-h;l:lroge:l exchange?, is 

partic~~1.arI.y ifgportant for hydrogrnous system, and is therzfote relevant 

to a number oE problems in sllrface chemistry. Calcul.ations for a number 

3 f SLiCll sys gems have bCCi1 made (7)) and some meaS:1re:netits are also 

avaIlable (8,9). Typical systems that have been considered include 

T,ang!nui.r-Blodgett mul.tilaycrs, soap films, density profiles at a l.i.qui.d- 

vapour interface, insoluble monolayers at a liquid surface, adsorption of 

soluble organic materials at a liquid-vapour interface, wetting phenomena, 

adsorption at the silt-Ectf of an ttl.ectr%,de, and polymer f i1.m surfaces and 

interfaces . 

The potent ial %>f the techniq!le is il.lustrated with a cal.clll ated example of 

4 i)ol,y3eJ- f i I in (9a). Fig;urS- 2 ShCJUrS the reflectivity profile for a 200 A 

p m111a (* 8 liilm nu a ?shs s:1hrtrste, wher,? the sol id and dashed lines 

c:~r-~~~s;~)onil i:,> 4 s?la-!I and %1 i.fE,lse boundary. 

Maltnet ic matI;!ridl.:i have ;I :;oin dependent refractive index, will give rise 

to two different reflectivity profiles R+ and R-. This has been used 

extensively as the hasis for the production of polarised neutrons by 

critical reflect ion. Criiz ical reflection of polarised neutrons is a 

part ic\llarly se:isit iv.2 probe for problems -in surface magnetism. Felcher 

has p;~hlished (10,11,1.3) results and calcrllations of the critical 
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/ reflection of polarised neutrons applied to a range oE problems in surface 

magnetism. These include the measurement of the magnetic flux penetration 

into a superconducting film of niobium (11) , calculations of the 

contribution to the reflectivity profile of the magnetic dead layer on a 

ferromagnetic surface (lo), and of surface critical phenomena in 

ferromagnets (13). 

A particularly fascinating current area of research is that of magnetism 

at surfaces and interfaces. Freeman et al (14) have reviewed the status 

of the theoretical modelling of surface magnetism and has drawn attention 

to several discrepancies between reported results. Although early models 

showed that the surf ace layers of a ferromagnetic like Ni were 

magnetically dead, later calculations by Wang and Freeman (15) and Jepsen 

et al (16) showed that the Ni(001) surface has a moment similar to that in 

the bulk. In contrast to these results Wang and Freeman’s calculations on 

Fe(001) (17) showed a large increase in the surface magnetism for a 7 

atomic layer calculation; similar results have recently been reported by 

Victoria et al (18). 

For the purposes of illustration we show the flipping ratios (R+/R-) 

calculated for the magnetisation profile published by Victoria et al (18) 

for Fe( 100) in Figure 3; the reflection angle used was 8 = 1.5’. Enhanced 

magnetism effects only become apparent at the shorter wavelengths (- 58) 

or larger (sine/X), where the reflectivities are R+ h 10 -3, R- n 10’4. 

Preliminary Commissioning 

Some initial commissioning of the CRISP spectrometer have now been carried 

out. The ini.tial aim has been to obtain a reflectivity profile and hence 

optimise the spectrometer geometry and reduce background levels. 

Ini.tial. operation has been without the frame overlap chopper: as a result 

the wavelength band is limited to 0.5 to 68, and to beam sizes ( 1.5 mm. 

Shown in Figure 4 as the solid line is the measured reflectivi.ty profile 

for a 7508 copper film on a glass substrate; also plotted as the dashed 

I ine is the calculated reflectivity. 
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The design and performance of a time focused crystal analyser 

spectrometer, TFXA, at the ISIS spallation neutron source is presented. 

The combination of time and energy focusing provides good (- 2 to 3%) 

energy transfer resolution over a wide range of energy transfers (10 to 

500 meV). 

The influence of multiple scattering on inelastic neutron scattering 

spectra of molecular vibrations is illustrated with results in 

hexamethylenetetramine. The capabilities of the spectrometer are 

illustrated with 

ammonium bromide. 

recent results from the librational mode splitting, of 

New developments in data analysis using refinable normal coordinate 

anal-ysis programs are demonstrated with recent data on l-4 Benzoquinone. 

1. Instrument Design 

The time-focused crystal analyser, TFXA, is an indirect geometry time-of- 

flight inelastic scattering spectrometer, using a time-focused pyrolytic 

graphite analyser to give good count rates, and good energy transfer 

resolution over a wide range 0E energy transfers. The design of the 

spectrometer is illustrated in iigure 1. 
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The spectrometer is based on a time-focusing geometry in which the sample 

and detector arrays are in the same plane, and the analysing crystal is 

set parallel to this plane. In such a geometry, for an ideal crystal, all 

detected neutrons have the same flight time after scattering. In addition 

to the time focusing, (2) the Marx principle is used to provide energy 

focusing. This reduces the positional uncertainty in the analysing 

energy, and is a feature not previously exploited in crystal analyser 

spectrometers. It enables the good energy transfer resolution to be 

maintained down to energy transfers of a few meV. 

As the energy of the detected neutrons is small compared with the incident 

energy, their scattering vector is practically independent of scattering 

angle. Thus, there can be little variation in the momentum transfer, Q, 

independent of energy transfer. This is real t ively unimportant in 

molecular vibrational spectroscopy, where the dispersion of the 

vibrational mode is small or cannot be easily studied. Further, this 

particular kinematic arrangement renders spectra less sensitive to 

mu1 t iple scattering effects, and as seen later can be exploited to 

advantage (3). 

The simultaneous 

energy transfers 

measurement of the elastic line and a wide range of 

which includes both the internal and external mode 

vibrations, with good energy transfer resolution offers neu possibilities 

in vibrational. spectroscopy. 

3 -. Instrument Performance 

During the early running of ISIS, the performance of the TFXA spectrometer 

was assessed from the vibrational spectra of zirconium hydride (ZrHZ) and 

potassium hydrogen maleate (KHEI). Good resolution and an excellent 

signal-to-noise performance were observed. Measured intensities were in 

good agreement vJith calculation. All aspects of the instrument performed 

to expectation. 

The calibration of the final energy and secondary flight path length 

values associated with each detector were obtained from the relative 

positions of the elastic and knourn inelastic features. The init ial 

calibration using the 140 meV hydrogen vibt.-it ion of .ZrH2 has been further 
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refined using the 46.87 meV transition in hexamethylenetetramine @‘MT). 

The elastic line is located at zero energy transfer to within 0.01 meV, 

and is described by a Gaussian of FWtiM of 0.25 meV, in excellent agreement 

with the calculated elastic resolution. Errors in calibration of peak 

positions are estimated to be ( 0.5%. 

A number of inelastic features, measured so far, have widths close to the 

instrumental resolution; for example, the 46.87 meV transition in HMT has 

a width of 1.12 meV (cf. resolution width of 0.82 meV) and the 144.5 meV 

vibration in bromoform has a width of 4.6 meV (cf. resolution width of 3.1 

meV) . For such inelastic features, the line shape in not Gaussian but is 

described by the characteristic time shape of the ambient water moderator 

on ISIS. 

Early samples have provided a stringent test of data reduction procedures, 

which present data proportional to cross-section or scattering law in 

relative or absolute units. Good agreeement with simple harmonic 

oscillator theory is obtained in these examples, and lends confidence to 

the data reduction procedures. 

Signal-to-noise level is in general excellent. At short times the 

characteristic break in intensity at the infinite energy channel can be 

seen. 

A detailed analysis of the elastic line shows characteristic wings 

associated with the thermal diffuse scattering from the pyrolytic 

analysing crystals. 

3. The Influence of Multiple Scattering on Inelastic Neutron Scattering 

Spectra of Molecular Vibrations (3) 

Recent calculations of multiple scattering effects in vibrational 

spectroscopy suggest that the momentum transfers associated with a TFXA 

measurement give little weight to multiple phonon scattering effects, i.e. 

elastic/inelastic, inelastic, and elastic/elastic being the dominant 

mu1 tiple scattering terms. This stems principally from the momentum 

transfer vector Q being insensitive to scattering angle and determined 

principally by the energy of the mode being studied, provided it is of 

, 

507 



significant energy transfer, for spectrometer with low final energy such 

as TFXA. To confirm these calculations we have carried out a series of 

measurements on different percentage scatterers of hexamethylenetetramine, 

HMT : HMT is a particularly suitable test material as it has a series of 

sharp well defined modes at relatively low energy transfers. 

The measurements confirm the calculations; as is demonstrated in Figure 2 

where the ratio (RWd) Of scattering from i> 1.9 mm/ 0.9 mm sample 

thicknesses and ii) 5.4 mm/O.5 mm sample thickness is plotted. 

The bold dots correspond to calculated points. The apparent failure of 

some of the points to correspond with observation is due to the simplicity 

of the model; in that the external density of states was included only as 

a delta function, and phonon wings are not included in the calculation. 

Figure 3 demonstrates the eEfect of scattering strength on the observed 

width of spectral bands. The intense feature at 47 meV is a good 

candidate for investigation. This band is assigned to v16$ a deformation 

mode of the carbon-nitrogen skeleton. The width of the vlrj band in HMT is 

the narrowest reported for an NIIS spectrum, 11.5 cm -l [4]. Our spectra 

from the samples of difEerent scattering strengths were normalised at 

their peak heights and overplotted. This is shown in Figure 3. It is 

seen that there is no dramatic increase in band width. Rather a slight 

broadening at the base. The subtraction of two normalised spectra 

(strongest minus weakest) is also shown in Figure 3. Here the differences 

at the base have been strongly emphasised. We may conclude that to Eirst 

order the widths of spectral bands are independent oE scattering strength. 

for reflection neutron inel.astic spectrometers with low We may conclude 

final energy, that 

i) samples that scatter only 10% of the incident beam are probably 

inefficient, Neutrons which have been down scattered once can be 

scattered aSgain, elastically, and are still well described by the one 

phonon approximation. Total sample scattering strengths of up to 25% 

are to ‘be recommended for experiments where the inelastic bands occur 
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at energy transfers greater than 40 meV and relative band intensities 

are acceptable, i.e. molecular spectroscopy. 

ii) Samples that have high scattering strengths continue to show 

understandable increases in the detected count. These increases 

arise from multiple inelastic scattering. 

Therefore initial experiments of a survey nature on uncharacterised 

samples are recommended to> have scattering strengths, of ca SO%, 

thereby dramatically reducing the experimental time (by factors of ca 

4 to 5). 

iii) Degradation of spectral quality will manifest itself by a loss of 

structure, by weak high energy features becoming less “visible” and 

by all bands broadening slightly at their base. 

4. Splitting of Higher Harmonics of the NH‘+ Librational Mode in NH4Br 

(5) 

The rotational motion of ammonium ions in ammonium halides (6) and in the 

mixed salts of ammonium and alkali halides (7,8) has been extensively 

studied using the neutron 1 incoherent inelastic scattering (NITS) 

technique. These studies show that the librational frequency, v6’6, of the 

NH4+ ion is smaller when the ion resides in an octahedral. environment than 

in a tetrahedral environment. For a given CryStd SynWIetry, v6, decreases 

going from CR- to I-. The ground lihrational state of NH4+ ions in rock 

salt alkali halides having symmetry Oh, shows a large (& 1 meV) tunnel 

splitting (9) and v6 (O-l) gives a broad peak in the scattered neutron 

spectrum (7,8) indicating that the first 

considerable structure. At appropriately low 

halides have a cubic ordered structure and 

tetrahedral (‘fd) environment. In this phase, 

in neutron experiments. The tunnel spl it t ing 

excited state also has 

temperatures, pure ammonium 

the NH4+ ion resides in a 

v6 (O-l) gives a sharp peak 

of the ground or the higher 

librational states Is expected to be small. (10); it is however expected 

that even in this phase higher librational states may show structure 

because of the anharmonic effects (11). So far this has not been seen in 

neutron studies because they were confined to the fundamental. v6 (C-1) 

transition. With the availability of high resolution neutron 
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spectrometers on sources which provide epithermal neutrons, it is now 

possible to examine the details of the higher excited states. This work 

reports the first NIIS observation of splitting of the higher overtones of 

the librational modes of NH4+ ions in NH4Br (Phase IV) (12). 

The experiments on polycrystalline ammonium bromide were carried out at a 

temperature of 6.2 K and the sample scattered 15% of the incident 

neutrons . The measured scattering law S(Q, w) is shown in Figure 4 3s 3 

function of energy transfer. 

The assignment of various peaks and their comparison with optical data are 

summarised in Table 1 in particular, the translational optical mode is 

seen at h 20 meV and the fundamental librational mode v6 (O-l) at n 43 

meV. In earlier neutron studies (6) in phase III of NH4Br, these modes 

were observed at 20.2 and 41.5 meV respectively. NIIS data on phase IV of 

NH4Br have not been previously reported. 

Having ident if ied the various peaks, we shall concentrate on v6 (O-l) and 

its harmonics, u6 (O-2) and v6 (O-3). Expanded plots of the measured 

spectrum in the region of these modes are shown in Figure 5. We note that 

both v6 (O-2) and U6 (O-3) show structure. Thus v6 (0-2) consists of two 

prominent peaks at 81 meV and 86 meV and v6 (O-3) consists of two main 

features at 118 meV and 126 meV. This splitting is not an artiEact of 

acous t ic phonon wings. We believe that the splitting of v6 (O-2) and 

V6 (O-3) seen in the present experiments is the electrostatic field 

splitting as predicted by Hiiller and Kane (ll), and observed for NH4CR in 

opt ical experiments (13). We have calcualted the energies of higher 

librational states for NH4Br using the formulation developed by Huller and 

Kane and the potential suggested by them. The comparison between the 

calculated and the measured energies is given in Table 1. All the 

predicted peak positions show excellent agreement with the data. The 

structure .which appears to b? present but unresolved in the fundamental 

region is probably best described in terms of the dispersion of the NH4t 

librational mode, although the NH4’ ion librations in ordered NH4CR showed 

no dispersion (14). 

The integrated relative intensities of the three bands are in very good 

agreement igith the calculations for an oscillator mass of 3.9 neutron 
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masses, which corresponds to the fact that only hydrogen atoms move during 

the librational motion and that the NH4+ ion has four attached hydrogen 

atoms. 

5 . First Observation of the Optically Inactive Modes in Solid l-4 

Benzoquinone (15) 

The geometry of 1,4 benzoquinone, shown inset into figure, is though to 

change markedly on passing from the vapour phase to the solid. 

Specifically the C=C bond lengths fall from 1.344 8, [16] in the vapour 

phase to 1.322 A [17] in the solid. The vibrational spectrum of the 

molecule should be sensitive to these changes but unfortunately two of the 

most important vibrations, associated with the C=C deformations, are 

optically inactive (Au). They have only been observed in the gas phase, 

and then as weak combinations. 

The inelastic incoherent neutron scattering spectrum of 1,4 benzoquinone 

solid at 20K obtained on TFXA is shown in Figure 6. Also shown is a best 

fitted valence bond model of the molecular vibrational spectrum. This was 

achieved using the CLIMAX suite of programs [ISI. The same model 

calculation applied to the gas phase geometry demonstrates that the Au 

modes are indeed the most sensitive vibrations. However even this 

sensitivity does not fully explain the large frequency shifts. The most 

likely explanation is that C-H ---O-C contacts,. important in crystal 

formation, are lost on vapourisation. 
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INTRODUCTION 

This paper presents some of the details and rationale behind the neutron beam 

shielding concepts employed at ISIS. These concepts have now been evaluated at 

20 uA operation (l/l0 of final design goal) and we are happy to report that no 

significant ( 210 uS/hr) radiation levels have been experienced in the 

experimental hall. 

BULK SHIELD 

The bulk shield has a radius of 5.9 m and is of a conventional design with an 

iron core and concrete outer shell. The inner void vessel, which contains the 

target-moderator assembly, has a radius of 1.6 m. The ratio of iron to 

concrete is 3:1, and the dimensions are dictated by the need to attenuate the 

hard component ( > 100 MeV ) of the spectrum, so there is some enhancement of 

the shield in the forward direction. Figure la illustrates the general layout. 

Eighteen inserts are provided through the bulk shield, see Figure lb. Within 

each insert, neutron beam collimation systems may be constructed which view 
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any moderator (upper, lower, front, rear). This flexibility will allow the 

beam configuration to be changed, if required by the scientific programme, 

without disturbing the general shield. Each of the eighteen beamlines may be 

independently closed by means of mechanical shutters . The iron and concrete 

shutters are 2 m thick in the beam direction and a helium atmosphere is 

provided in the neutron collimator section. The shutters are moved vertically 

by mechanical jacks to open and close each channel. When closed, the dose rate 

in the beam at the instrument is < 10 uSv/hr. 

COLLIMATION 

All ISIS collimation is based on the iris principle proposed by Fluharty. 

Close to the source in the shutter, the irises are made of scintered B4C. In 

the rest of the system, low hydrogen density B,+C rings 5 cm thick are used to 

define the thermal and epithermal beam. These rings are separated by spacers 

of slightly greater diameter whose surfaces are either ‘bright’ (ie can see 

the source) or ‘viewed’ (ie can be seen by the detector), but never both. An 

example is shown in Figure 2. These beam-defining irises are set in a general 

collimator made of iron shot loaded borated resin, designed to minimise the 

escape of high energy neutrons and to decouple the beam from its surroundings. 

Both these components are moulded into rings which are located within a vacuum 

pipe. Collimator sections are then made up by housing the round vacuum pipes 

in a 30 cm cross-section rectangular steel box which is filled with iron shot 

loaded borated wax. This achieves the transition from the round vacuum pipe to 

a square shape thus facilitating the tight packing of beamline shielding. 

NEUTRON BEAMLINE SHIELD AND BEAMSTOPS 

Biological shielding of the neutron beamlines is achieved by surrounding the 

collimation system with steel w:lich is then further enclosed in borated wax. 

In the absence of sophisticated transport calculations, the following model 

was adopted to estimate the shielding required transverse to the ISIS 

beamlines and around the beamstops. 

The shielding requirements parallel and perpendicular to the neutron beam are 

520 



considered separately. In the former case, shielding is dominated by the need 

to attenuate any very high energy ( > 15 HeV) neutrons in the beam. At these 

energies all materials are quite transparent with very long mean free paths, 

eg 17 cm in iron. This problem is not important in the beam line shield, since 

any neutron emerging at a small angle must penetrate a large thickness of 

shielding material, but it is significant in the design of the beamstops (see 

below). The spectrum of neutrons emerging transverse to the beam is much 

softer, and may be described by an evaporation spectrum with a l/E slowing 

down component. Here broad beam mean free paths, determined from one 

dimensional transport calculations, are substantially shorter (eg 6.25 cm in 

iron, 9.6 cm for borated wax). 

At any given distance along the neutron beam, an equivalent point-source term 

may be generated by considering the number of neutrons which could be stopped 

in a given spectral region. 

so = 
fIoA 

L2 
n/s 

where f is the integral dE/E over the spectral range of interest 

I = 7 1o12 
0 

n/eV.sr.200uA.s 

A = area of beam 

L = distance from source. 

This point source will produce a dose D at a distance R of 

where Q is the quality factor converting n/cm2.s to, uSv/hr. 

The number of mean free paths X of shielding material required to reduce this 

dose to Do at a distance R is then 

X = In [D/Do] 

The 'standard' beamstop design assumed the following parameters: 
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f = integral over all energies = 18 

I = 7 1o12 
0 

Q=2 

A 7 20 cm Do = 2.5 uSv/h 

L = 10 m R=lm 

givi’ng 

A 
= 9.9 + In [ - 

L2R2 I 
with A in cm 

2 and L, R in m. 

To stop the entire beam, the above parameters indicate that 8.3 mfp of 

shielding material is required to produce the appropriate reduction in dose. 

Since typical broad beam mean free paths are 6.25 cm for iron and 9.6 cm for 

CR2, this suggests 52 cm thickness of iron. Complete absorption of the thermal 

neutrons leaking from the iron may then be achieved by a further 30 cm outer 

layer of boarated wax. This system would therefore be suitable to reduce the 

dose to acceptable levels 1 m from the source. This calculation may be 

iterated to give the number of mfp required to produce the appropriate dose 

reduction at the surface of the shield. 

Less conservative parameters would be 

f = integral from 0.1 

IO = 7 1012 

A = 15 cm2 

L = 15 m 

giving 
fInA 1 

- 10 MeV = 5 

Q=2 

Do = 2.5 uSv/h 

R = 0.85 m 

1 
X = In [:.- --:,-I 

L2 QD * 4rtE’- 
0 

A 
= 8.63 + In [ - 

L2R2 I 

= 6.25 

ie 39 cm of iron. 
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Although this calculation could be refined and tailored more closely to 

individual beam parameters, the effective reduction is small. The practical 

situation at RAL was that a great deal of spare iron shielding was available, 

but with minimum thicknesses of 60 cm. The practical arrangement for 

transverse shielding around a beamline is illustrated in Figure 3. 

This approach may also be used to give a crude estimate of transverse beamline 

shielding by regarding the collimation system as a linear beamstop. In the 

above calculation the beam area A is replaced by the amount of beam scraped 

off in the section of interest. Because of the logarithmic dependence on A and 

the need to shield closer to the source, the thicknesses required are similar. 

With beamstops, in addition to concern about the transverse shielding, care 

must be taken to attenuate any high energy component ( > 15 MeV) of the 

neutron beam. In this region mean free paths in all materials increase by a 

factor 3 (eg XheFe. = 17 cm). Calculations with the HET Monte Carlo code using 

the computed ISIS beam escape spectrum indicate that a significant quantity of 

longitudinal shield is required. Hence a 1 m length of Fe , decoupled with 

high density polyethylene, is used as a core for ISIS beamstops. (Longitudinal 

shielding of a beamline is not a problem). This core is then surrounded by the 

standard 60 cm of iron and 30 cm of borated wax, see Figure 3. Backscattering 

into the spectrometer is suppressed by a plug of B4C powder before the 

beamestop core. All indications are that we have erred on the side of safety* 

[*Note Added in proof: New measurements on a partially constructed beamstop at 

30 uA show significant radiation levels ( 50 uSv/hr) on the Fe surface before 

the addition of the outer wax shield.] 

SPECTROMETER SHIELDING 

The function of both the bulk shield and the beamline shield and beamstops is 

to minimise the biological radiation dose in the,experimental hall. The 

spectrometers themselves have additional shielding whose function is to 

minimise neutron background in the detectors. In general, all spectrometers 

are enclosed in steel tanks containing a 30 cm thick layer of borated wax 

(3 atomic % boron) which neutronically decouples the spectrometers from their 
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environment. The interior surfaces of most spectrometers are lined with 5 mm 

B4C tiles ( < 5 % hydrogen) to minimise the effects of spurious scattering and 

(n,y) reactions. The low-hydrogen B4C mixture is also employed behind all 3He 

detectors to minimise back-reflected neutrons. 

CONCLUSION 

The combination of the above shielding concepts and the pulsed nature of the 

source has produced background levels in the detector systems during ISIS 

operation which are close to the intrinsic detector limits (eg 0.1 counts/gas 

tube/minute). No biological radiation problems have been encountered. 
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Figure la A vertical section through the ISIS bulk shield. 

525 



Figure lb A horizontal section showing the location of nine beam ports in 

half of the ISIS bulk shield. 
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ISIS Beam Collimation 
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Figure 2 A typical section of ISIS neutron beam collimator showing B4C 

beam-defining irises and iron-loaded borated resin spacers. 
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INTRODUCTION 

The high speed fast Fermi chopper on HET [l] has proved to be an effective and 

versatile primary monochromating device for energies ranging from 100 meV to 

2000 meV [2]. At energies above 350 meV, however, a source of background, due 

to very energetic neutrons penetrating the light aluminium body and boron slit 

package of the fermi chopper and downscattering in the sample to thermal 

energies, becomes significant. This had been anticipated in the original 

design, and provi,sion had been included for a background-suppressing chopper 

to be located upstream of the monochromator. This paper gives details of the 

design and construction of this device and illustrates its effectiveness in 

extending the incident energy range of the spectrometer to several eV. 

DESIGN 

The background chopper is designed to be closed at the beginning of each ISIS 

pulse to prevent high energy neutrons and gamma rays from entering the 

spectrometer. It must then be fully open a few hundred microseconds later to 

allow the required epithermal beam to be monochromated by the Fermi chopper. 

To achieve this the device has a rotor in the form of a vane (like a double 
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bladed paddle wheel), see Figure 1, which rotates on a horizontal axle mounted 

250 mm above and parallel to the neutron beamline of the spectrometer. The 

vane is 300 mm long in the direction of the beam and at each tip there are 60 

mm wide by 55 mm high rectangular blocks of nimonic 75 alloy (75% Ni, 19.5% 

Cr, 4% Fe). Nimonic is chosen for its good high energy neutron cross-section 

and its high tensile strength. A rotor completely made of this alloy would 

have excessive mass and inertia, and so the design has the outer nimonic tips 

linked to the 60 mm diameter central steel axle by a spaced assembly of 14 

tapered plates and 2 end discs machined from 12 mm thick aluminium alloy and 

distanced by 8 mm thick 120 mm diameter spacing rings. The attachment of the 

nimonic blocks to these plates is by means of two pairs of 25 mm diameter 

titanium tie rods which are fitted, through the length of the vane, into 

jig-bored and reamed holes 25 mm in from their outer ends and similar pairs of 

holes in tabs, machined on the inner surface of the top blocks, which 

interleave the plates. 

The chopper can rotate at 50 Hz or 100 Hz. All operation so far has been at 

50 Hz. At these speeds, there is an enormous amount of stored energy in the 

rotor and seizure of an axle bearing would result in its catastrophic 

break-up. The Al/alloy plates are therefore not rigidly joined to the axle. 

Instead at their central point they are keyed onto a cylindrical phosphor 

bronze bush which sleeves the axle to form a safety bearing. A pair of 4 mm 

diameter shear pins, which fit into this bush and into a flange on the axle, 

provide driving force to the vane but in the event of seizure of the axle 

these break to allow the vane to freewheel on the shaft. 

The axle is suspended at each end on dual-row self aligning ball races, 

carried in housings which bolt to the end plates of the evacuated spinning 

tank, and is rotated by a toothed pulley and belt system driven from a 30 kW 

induction motor powered by a phase-controlled inverter system. 

The speed and phase control electronics permits the choice of rotational 

frequencies of either 50 Hz or 100 Hz. The chopper is located 8 m from the 

source and so at these frequencies it transmits neutrons with energies below 

1 eV an 4 eV respectively. 
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PERFORMANCE 

Before the introduction of this chopper on HET, a time-dependent background, 

originating at the same time as the proton pulse and having an effect decay 

constant of 1.5 ms, limited the quality of data taken at high incident 

energies. As a result, prior to the installation of this chopper, the bulk of 

running had been confined to energies less than 350 meV. Attempts to improve 

shielding and minimise scatter failed to reduce this background component. 

Further it had been shown that this background was entirely sample dependent 

and disappeared when the sample was removed. Careful tests proved that it was 

due to high energy neutrons penetrating the fast chopper at zero time and 

being inelastically scattered, sometimes to sub-cadmium energies, in the 

sample. 

The slow nimoni‘c chopper was installed on March 1986 and has proved to be 

invaluable on HET for performing experiments on weak magnetic systems with 

high energy neutrons. Figure 2 compares scattering data from vanadium taken 

with and without the chopper. The background levels before and after the 

elastic line are close to source off values. 

This chopper has contributed greatly to the success of many of the experiments 

described in reference [2]. 

REFERENCES 

ill T J L Jones, J H Parker, I Davidson, K Boden and J K Fremery, 

‘Experience with the KFA/IGV (Julich) Magnetic Bearing System on as 

SNS Neutron Chopper’, in Proceedings of the Eighth Meeting of ICANS, 

Rutherford Appleton Laboratory Report RAL-85-110 (1985), ~707. 

[21 A D Taylor, B C Boland and 2 A Bowden, t HET : The High Energy 

Inelastic Spectrometer at ISIS’, these proceedings. 
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Figure 1 The HET nimonic background-suppressing chopper removed from its 

housing. 
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Figure 2 Comparison ‘of. time-of-flight scattering data from vanadium taken 

without (A) the chopper and with (B) the chopper. For clarity two 

different incident energies ( A : 220 meV and B: 600 meV) are 

shown. The background effect is independent of the choice of fast 

chopper energy. 
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INTRODUCTION 

The design for the Multi-Angle Rotor 

constructed on the ISIS pulsed neutron 

geometry chopper spectrometer designed 

an energy transfer resolution A&/E M 

Spectrometer, MARS, currently being 

source is presented. MARS is a direct 

for studying inelastic processes with 

1%. The spectrometer will have an 

extensive detector bank with a continuous angular coverage from 3’ to 135’ and 

a Q resolution AQ/Q - 2-5X allowing interpolation of S(+,t) to S(Q,e) and the 

spectrometer will view the 1OOK liquid methane moderator giving an effective 

lower bound for the incident energy of 5OmeV. 

The instrument design parameters have been optimised for experiments in the 

following four main scientific categories. 

(1) Coherent excitations: measurement of the dynamic structure factor 

S(Q,s) in polycrystalline and amorphous solids, liquids and gases. 

(2) Magnetism: measurement of the magnetic response of 3d-systems over 

the whole excitation spectrum; magnetic spectroscopy in f-electron 

metals and alloys. 

(3) Molecular spectroscopy: measurement of a large range of energy 

transfers (eg. 10meV to 250meV) with good energy resolution 

(AEo/Eo-1%) over a large Q range. 
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(4) Momentum distribution: mesurement of the dynamic structure factor 

S(Q,&) at large Q where the impulse approximation becomes valid. 

SPECIFICATION 

The instrument will be sited on the S6 beam hole viewing the gadolinium 

poisoned 100K methane moderator. A Fast Fermi chopper with a variety of 

interchangeable curved slit-slot packages optimised for several incident 

energies in the range 50 to 1000 meV will be used as the monochroma t ing 

chopper. An additional chopper positioned between the moderator and the 

monochromating chopper will be used for background suppression. The beam line 

will have the option to accomodate a neutron beam polariser between the 

monochromating chopper and the sample. The sample position is at 11.7 metres 

from the moderator and typical beam sizes will be 6 x 6 cm2. 

Due to constraints imposed by neighbouring instruments, the 4 metre evacuated 

secondary flight path will be in the vertical scattering plane and there will 

be the potential to have a continuous coverage of 30cm 3 He detectors in the 

angular range of 2% 10’ to 135’ with a total of 3 detectors on the Debye 

Scherrer cone at any one angle. In addition there will be a low angle detector 

bank with 6 linear arrays of detectors positioned around the straight through. 

beam in the angular range of 3’ to 10’. The detector tank has been designed 

such that there will be continuous detector coverage without any shadows from 

structural supports inside the tank in the angular range 3’ to 30’. Between 

3o” and 135’, the gaps in the detector array due to structural supports will 

be less than 

rough vacuum 

allowing the 

vacuum. 

1.3’ every 15’. The sample and detector tanks will have a common 

system, but will be separated by a thin aluminium membrane, thus 

sample region to be differentially pumped to a cryogenic quality 

A summary of the full instrument specification is given in Table 1 and a 

schematic layout of the detector and sample tank, together with the low angle 

detector array, is given in Figure 1. 
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Table 1 

Instrument specification 

Moderator 100K CH4 poisoned at 2.25cm 

Monochromating Chopper lO.Om from moderator, 400-600 Hz phased 

to ISIS pulse to within l/2 us 

Sample position 11.7m from moderator 

Beam size 6cm x 6cm 

Detectors 3’-10’ 4m low angle counter bank, 10 atms 3He 

6 azimuthally symmetrical detectors at each angle 

loo-135’ 4m high angle counter bank, 10 atms 3He 

3 detectors at each angle 

Incident energy 50-1000 meV 

Energy resoultion ABo/Eo - 1% 
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Figure 1 A schematic layout of the sample and detector tank 

showing the location of the high and low angle 

detector arrays. The high angle detector bank is 
in the vertical scattering plane with three 

detectors at each angle. The low angle detector 
bank has six-fold symmetry about the straight 
through beam 
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Abstract 

Liquid and Amorphous Total Scattering Instrument (HIT) at KENS is in 

operation since 1980. It was originally designed to measure the S(Q) of 

liquids and amorphous solids composed of heavy nuclei with high count rate 

and modest resolution of the momentum transfer Q. Recently proposals 

which desire to measure the S(Q) of materials composed of light nuclei or 

with better resolution are increasing in number. The effects of the 

resolution and the inelastic scattering on observed S(Q) are, therefore, 

reexamined using machine parameters of the HIT. Current performance of 

the HIT is briefly reported as well. 
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1. Introduction 

The Liquid and Amorphous Total Scattering Instrument 

was constructed in 1980. Since then it has been operated 

(HIT) at KENS 

for more than 5 

years. During this period many users from outside universities performed 

measurements of S(Q) on various kinds of liquids and amorphous materials. 

Many scientific results have been obtained using this machine and 

significant contributions to the structure determination of liquids and 

amorphous soiids have been made. 

The HIT machine was originally designed to measure the S(Q) of 

liquids and amorphous solids with high count rates and modest resolution 

of momentum transfer Q. 1) The target materials we supposed were those 

composed of heavy nuclei or those of which inelastic scattering is not 

significant. 
. 

Recently proposals to measure the S(Q) for the materials containing 

light nuclei or with better resolution are increasing in number at KENS. 

Therefore we reexamined the effects of the resolution and the inelastic 

scattering on observed S(Q) using the machine parameters of the HIT. In 

this report we summarize the current performance of the HIT machine 

briefly and discuss how the resolution and the inelastic scattering affect 

the observed S(Q). 

2. Outline of the machine 

A schematic drawing of the current HIT machine is shown in Fig. 1. 

The machine views the ambient temperature solid polyethylene moderator. 

A sample is located 5,053 mm from the moderator. The evacuated sample 

chamber is 450 mm in diameter so that it has enough room to install a 

sample changer and sample enviromental equipments such as a high 

temperature furnace, low temperazure refrigerator, magnet and so on. The 

neutron flux at the sample posit:ion is about 5 x lo5 n/cm2/sec/2nA in the 
0 

range of 0.3 to 0.7 A which tie L ise mainly for S(Q) measurement. 

The neutron detectors used are He-3 gas counters (l/2" in diameter, 

12" in active length and 20 atn in filled pressure). In the high angle 

region (150" and 90") the detectors are located at geometrical time 

focusing positions, while in the lower angle region they are located at 

eiectricai hardware time focusing positions described later in detail. 

The scattered flight path length has been determined to give both high 
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count rates and modest geometrical 

and the flight path length for each 

1. 

Q resolution. The scattering angle 

detector now used are listed in Table 

The electrical hardware time focusing system which consists of a 

CAMAC module was newly developed, 2) The block diagram is'shown in Fig. 2. 

The new system is the same in principle as the time focusing one using a 

computer. The main difference between the two systems is that the former 

system does not need any computing time so that it can fit measurements 

with the higher count rate. In this system each detector has own time 

analyser, of which the time width A-r is chosen easily by a software to 

satisfy the following time focusing condition. 

AT = L sin0 
Lr siner 

A-r 
r' (1) 

where L and 20 are the total flight path length and the scattering angle, 

respectively. Subscript r denotes the reference detector. The all time 

analysers (sub modules in Fig. 2) involved in a certain detector bank are ’ 

controlled by one main module. The counts accumurated in a sub module 

during time interval AT are added to the stored counts in the 

corresponding address in Q-space of the main memory giving a time-focused 

result. The system is controlled by a .personal'computer PC 9800 (NEC). 

Acceptable maximum count rate is expected to be about 6 counts/Us per each 

time analyser. . 

3. Geometrical resolution 

The resolution in Q space was estimated by a Monte Carlo technique. 

The geometrica 1 sizes of moderator (100 x 100 mmL), sample (8 mm in 

diameter and 40 mm in height as a typical case) and detector (l/2" in 

diameter and 4 x 12" in length depending on scattering angles) were taken 

into account. The time structure of the incident neutron pulse was 

included in an approximate manner as weil. The resolution AQ was defined 

as a root mean square deviation of the Q value from the mean value 0, i.e. 

AQ = <(Q - @2>1/2. The calculated results are shown in Fig. 3. The 

broken lines show the case of the poor resolution, while the solid lines 

do the case of the good resolution. In the latter a limitted detector 

height was assumed except for 90" detectors, while in the former a 

slightly off time focusing position was chosen for 90" detector bank. 
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Usually we utilize the neutrons only in the wavelength range of 0.3 - 0.7 

A for the S(Q) measurement, except for the low Q measurement with low 

angle counter, in order to avoid the serious distortion of S(Q) arising 

from non-constant Q scan of the instrument. The range between the two 

dots on each curve in the figure corresponds to this wavelength range. 

Figure 4 demonst rates the effect of the geometrical resolution on the 

simulated S(Q) for a model system. The result suggests that the 

resolution CQ must be at least 0.2 A 
-1 

or less if one requires the precise 

measurement of S(Q). 

4. Effect of the inelastic scattering 

The inelastic scattering is a serious problem in the S(Q) measurement 

when a sample ccn:ains light atoms. In order to know how the inelastic 

scattering affects observed S(Q) at high Q, we simulated experiment on the 

HIT using the foilcving sispie models of S(Q,u)'s. 

l/2 
S self(Qdd = [ "2's, 1 exp [ - 

M 

2i% Q-kT 2h2Q2kT 

h'Q2 )2 I , 
(3w - - 

2M 

l/2 
S int(Q,w) = [ :*, 1 exp [ - 

M* 

2fih-Q;kT 2Fi2Q3kT 

h2Q2 )2 3 
(liw - - 

2M* 

l (S(Q)-1) , (2) 

* 
where M is the atomic mass and M is the effective mass.for the coherent 

scattering just for convenience. This model is enough to examine the 

effect of the inelastic scattering on S(Q) in high Q region aithough it is 

not in low Q. In the simulation an incident neutron spectrum a(E) was 

approximated by the .following aralytical form, 

Q(E) = Q. [ Qth ( + ) exp 

ET 

(- -f- ) + Qepi A(E) 3 > 
T 

E0.878 (3) 

where E 
T 
= 35.2 meV, Cp /Q 

th epi 
= 6.89 and A(E) = l/[l + (5ET/E)7]. 

The detector efficiency n(X) was approximated by the following equation, 
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G(X) = 1 - exp(a + bX + ch2) (0.05 < x < 9.6 A) , (4) 

where a = 0.01839, b = -1.44457 and c = 0.007479. Figure 5 shows the 

instrumental integration paths calculated for the HIT machine. The 

integration of S(Q,w> with respect to w is carried out by the HIT along 

these integration paths with weighted factors of @ (E) and II(?). S(Q)'s 

simulated for M/m = 100 and M*/m = 200, where m is a neutron mass, are 

shown in Fig. 6. The effect of the inelastic scattering on the simulated 

S(Q) is not serious a s expected for samples with heavy mass. On the other 

hand for samples with light mass such as M/m = 11 and M*/m = 27 the effect 

is serious as shown in Fig. 7. The following three effects on the S(Q) 

due to inelastic scattering may be confirmed : 

i> deviation of S 
self(Q) f 

rom the unity, 

ii) damping of the oscillation of S(Q), and 

iii) phase shift of the oscillation of S(Q). 

All of three effects are significant at higher scattering angle. We have 

often encountered these three effects in actual experiments. Among these 

three effects, the second and the third are very important for structural 

investigations. 

Powles3) proposed a correction method for the inelastic scattering 

for various molecules, but it seems hard to make precise corrections when 

a sample contains three or more chemical species. The materials we are 

interested in are"often multi-component systems, such as aqueous 

solutions. Therefore, we are planning to install a new detector systems 

at the lower scattering angles (less than 30") using 
6 
Li glass 

scintillators. In order to measure the S(Q) in the range of Q over 30 A 
-1 

or more with a reasonable resolution, the momentum resolution must be less 

than 0.2 A-' in the whole Q range. To achieve this required resolution 

and to still keep good count rate , a coarse converging collimator may be 

useful, and the glass scintillators will be arranged as many as possible 

along the Debye-Scherrer cone on a focusing sphere of the converging 

collimator. Design work to,improve the HIT is in progress. 

Acknowledgement 

The authors would thank Mr. S. Satoh for providing the new time 

analyser system including computer software. Their thanks are also to all 

members of the HIT group. 

543 



References 

1) N. Watanabe, T. Fukunaga, T. Shinohe, K. Yamada and T. 

Mizoguchi, Proc. of ICANS-IV, KENS Report II (1981), 539. 

2) S. Satoh, KEK Internal 85-8 (1985) (in Japanese). 

3) J. G. Powies, &olec. Y‘ Phys. 36 (1978), ibid 37 (1979) 62.3. - 

544 



Table 1. Parameters of the HIT machine 

( Scattered flight path length at detector center L2, scattering 
angle at detector center 20 and time width of time analyser AT) 

Detectors L2 (sue) 20 (degree) AT (usec) Note 

150’ bank 
150 a2 301.6 155.3 
150 a3 327.0 152.5 2.0 geometrical 
150 a4 349.9 150.0 time focusing 

90’ bank 
90 al 255.5 93.6 
90 a2 330.0 90.2 ’ 2.0 geometrical 
90 a3 418.3 87.6 . time focusing 

50° bank 
50 bl 514.1 42.0 4.0 electrical hardware 
50 b4 500.5 47.8 4.5 tine focusing 

30” bank 
Fa 15 586.3 26.2 4.0 electrical hardware 
Fa 18 557.0 31.5 4.75 time focusing 

zoo bank 
Fa II 631.1 20.0 8.0 electrical hardware 
Fa 13 607.17 23.0 9.125 time focusing 

13” - 
Fa 6 697.6 13.3 a.0 

7’ - 
Fa 6 779.4 7.4 8.0 

. ** Fission 
a&*. . 0 Counter BLC Shieid 

* . 
* 0’. 

‘4.. 
_ o I \ .*. Boroted A 

B,C Counter Box 

n 
Foroted Res’- 

__.nple \ 
?ie Counter 

-+ I 0 0.5 1 (m) 

Fig. 1. A schematic drawing of the current HIT machine. 
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Fig. 2. Block diagram of CWC module for hardware time focusing. 

0.0 

Cl (A-" 

Fig. 3. Geometrical resolution of momentum transfer Q calculated for 

various detector banks now used in the HIT. Broken lines show 

poor resolution, while solid lines good resolution. The region 

between two dots on each line corresponds to the 

wavelength between 0.3 and 0.7 i. 
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‘4 
z 
cl 

0 2 4 8 8 10 
Q (A-') 

Fig. 4. Effect of the Q resolution on S(Q). 

(a) The dotted curve is an exact S(Q) calculated for hard sphere 

system. Broken and solid curves are the S(Q)'s calculated with 

the poor and ,good resolutions shown in the lower figure; 

(b) A resolution AQ for 20 = 30" which is the same as already 

shown in Fig. 3. Solid line shows good resolution, while broken 

line poor resolution; Resolution functions at ca. 4.2, 6.4 and 

8.5 A-l are shown as well. 
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Fig. 5. Instrumental integration paths of the HIT. 
Curves of recoil 

energy h2Q2/2M for various M's are also shown. 
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Fig'. 6. The comparison of S(Q)'s simulated for heavy nuclei (M/m = 100, 

M*/m = 200, solid curves) and exact ones (broken curves). 
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Fig. 7. The comparison of S(Q)'s simulated for light nuclei (M/m 

M*/m 
= 11, 

= 27, solid curves) and exact ones (broken curves). 
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INTEEumTIoMuI 

ICANS IX 

22-26 September, 1986 

SUMMARY OF THE WORKSHOP ON 
BOOSTERS AND NEW CONCEPTS. 

ALAN CARNE 

Our session was yesterday morning. We had three contributions on 

Boosters and New Concepts, and although there were only three contribu- 

tions, there wqs plenty of $scussio,n during and after and we easily filled 

the time availabfe. We had two contributions on boosters, one from Jack 
Carpenter on the IPNS booster target and one from Dave Picton on the 

possibilities of enriching Target-I for ISIS, and then some discussion on 

these two payers. Finally, Walter Fischer presented a description of the 
AsTOR project,. . 

The first paper was a very comprehensive review of progrkss on the 
IP,NS enriched uranium booster target. Its basic design requirement was 
to fit withip the existing space and to match the available cooling power of 
about 10.0 kW from the cooling system. The reason why they are interested 

in a booster is because of the limited proton intensity from the IPNS syn- 
chrotron (about, 20 PA). Tl * 1 ns imit of a fairly low.intensity is an important 
point in the philosophy of t,he design of boosters. 

The basic operational parameters are: a I(,,, of 0.8, a power gain of 

about ‘i (which brings the total power to about 90 kW), the neutron pro- 

duc.tiop is increased by a factor of about 5 on the existing depleted uranium 

target. and the moderator flux (the thing t,hat really matters) is increased 
by a factor 3. The water cooling systemprovides 90 VS galls/min and the 
target, cent,re line t,emperature is 527°F (275”(Y), which is quite modest0 and 
a very good number to have. Those charac.teristics are calculated on the 
assumptipn of 500 MeV, 20 /(.A and a 3 cm FWHM beam spot. It, turns 

out t&at. they have, apparently, about a 30% tolerance on their available 

cooling capability. That, sounds rather low to me, but, in fact, there are 
built-in t801erances and so it’s not. t,oo bad. The target, it.self is uniformly. 
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enriched, with half inch disks at the front increasing to one inch at the back 
(as the energy deposition falls off). Short pulses are, of course, required and 
obtained by using a cylindrical decoupler (of boron) with a cut-off energy 
of about, 100 eV; it’s obtained by using a very interesting B-Cu composite. 

As part of the complete and rather detailed survey of the performance of 

the target, some thermal-hydraulic stress analyses were done. The second 

disk from the front is the most highly stressed. Nevertheless, the fatigue 

life on the cladding (assuming 10 cycles per day) is about 2’7 years, which is 

rat*her comforting. In fact what rather more impressed me was t,he expec- 

tation of only 10 cycles per day of gross temperature changes; that sounds 
quite a good accelerator! 

There was some heat transient analysis shown, where t,he classic accident 
scenario - you lose the coolant on the target and you ask yourself what 

happens - was examined. The target temperature rises to about 980°C 
after 5400 sets (ie still about two hundred degrees below the melting point 
of uranium) so basically, the target is safe as far as the outside world is 
concerned. That is a very important0 point. Activation was also considered; 

the worst case releases were sbill about 2% within the US guidelines, so 
again it. sounds quite good. A number of safety studies were done which 

considered several possible configurations of the assembly; in all cases K,fi 

did not. exceed about 0.93. We are told t,hat K,ff about 0.95 is the value 

where the safet,y people really become very concerned. So it all sounded 

very encouraging and things are going quite well. 

But we discovered there was a little dark cloud. That is, due to t,he 

casting process that was done by OR.NL, the uranium shows texture (large 
grains and an anisotropic distribution). What one would like is small grains 
in a random orientation, because of the problem of radiation growth. Now, 
with the grain sizes that were found, predictions were made of target life- 
t.ime of somewhere between 1.3 and 2.1 years; the two numbers depend on 

whether one considers shrinkage in the radial direction, because of the pre- 
ferred orient.abion of t,he grains, or axial growth. ANL would like 5 yea.rs. 
But, those are the predicted numbers; th&e are some things which can be 

said about them which could be comforting but are not quantitative. 
The target is expected t,o increase the thermal neutron current by about 

a factor of 3 to the experime.Its. Clearly because it. is a. heavily enriched 
target., t,here is a problem due. to increased ha.ckgrouncl from delayed neu- 
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trons and the delayed neutron fraction increases to apout.3010. We heard 

from Kent Crawford, in another session, about the experimental steps that 

caxl be taken; but on the whole, the folk at, Argonne. nlust learn how to 
handle this increased background aud then we will find out how, serious it 
is. 

We heard one or two .things about the licensing and security; not too 
many, because, as the paper itself states, “Security” will not, tell you too 

much about security. Jack painted a picture of armed guards,.moats and al- 
ligators (it would be really quite pretty to have that around the Rutherford 

lab. as well). 
Some other numbers have impressed me, considering the amounts of 

effort which has gone in so far. I_ think over the last 3 years (when things 
have beeu done in earnest) a total of about 30 man-years effort has gone into 
designing aud building the target. And the cost is 1.5M$. (A comment was 
made bay J carpenter t1lat the 30 qan-years is s0mewh.t an overestimate. 

He’llad 10 people wdrking,‘but only part time, for a period of about 3 years.] 

The t#arget should be in by the end of 1986; it depends on how things go 

with the textured .uranium. I think we should all like to say Good Luck to 
Argonne in this task. We at ISIS and at LANSCE will be watching you 
aud are very concerned t,o see how well it goes as we have a great deal to 
learn from you. 

The next paper was by Dave Picton, on some of the possibilities of 
enri&ing the ISIS Target-I. There ‘are again sinlilar types of constraints 
as at IPNS. That is,’ we have to satisfy still the basic’shape of the target 

assembly and the power density (about 0.75 kW/cc). In fact, that limiting 

power density doesn’t give much scope for uuiform enrichment, because 

we are already at this peak value at the front! of the target. There are 
three options: one is axial enrichment only, second to conlbine that with 

annular enrichment and third, to turn cicular plates into rectangular ones 

which could be variably enriched in either direction. The variations with the 
cylindrical target were all done at 9 cm, which is the present. target, ina.t,erial 

diameter. For the slab type target, a 10 by 20 cm2 slab was considered. In 

all cases a homogeneous mixture of target material and cooland was used. 
One of the main aims was to flatteu t(he power distribution, because we 
are near the acceptable peak power density at the front, cud of the t,arget. 

already. 
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We were presented with a large number of graphs, but. I will do my best. 
to reduce them to a small number of results. The first case was for an axially 

enriched target, where a “semi-practical” distribution of enrichment. in four 

7.5 cm long zones was used; zero for the front quarter, second quarter 20%, 

then SO%, then 90%. The gain was quite small, a little more t,han unity for 

the front and a little more than two at the back end. The corresponding 

slab type target gives a similar gain for about half the enrichment. In 
some ways that would be a step forward, but in either case they are rather 
complicated devices, technically difficulb to realise. 

Another possibility was to vary the enrichment in both directions, ax- 

ially and radially, and allow the power to go up to the maximum sensible 

available on the present target system of about 1.5 MW. Again, gains were 
a little greater bhan one at. the front. end and a little more than two at, t.he 

back. An interesting and rather surprising result shown was that, in this 
assembly (which was “semi-realistic” and included decoupler, Be-reflector 
and DzO coolant), t.he gain in therma. neutron current from the modera- 
tors was almost, identical to the gain in fast neutron production. This is 
because in our case t.he Be-reflector is a moderating reflec.tor and softens 

the spect,rum of the neutrons reflected inao t,he moderators. 
There was a developing theme in t,he discussion associated wit,11 both 

presenbations and which came through strongly during the second, that al- 
ready even at relatively modest int,ensit.ies, as for IPNS and the still modest 

intensity of ISIS, the users are becoming very concerned about backgrounds. 

Background is dominating discussions, as we have heard in all today’s sum- 

maries. Put this into target, terms: if the beam intensity is very low, then 
it’s worth having a boost.er (as the Argonne have done) and because the 
proton beam int.ensit,y is low there is p1ent.y of technical scope to do so 
and act,ually improve the thermal neutron current. However you do get. 

a penalty of increased background. We heard from ANL, that, there are 
t*hings we might do and things we might, do experimentally, but one still 
has t.o learn how t.o handle the increased background. Tf, however, the 
prot,on intensity is high, so already you a.re using a large fraction of the 

available technical limit. on t,he target power density and heat. flux (within 

t.he target. it,self), then the gains available by enriching the t,arget. are small. 

The ga.ins must. be measured against. the technical complexiby and of course 
t.he pena1t.y of increased backgroui~cls. SC., it. rea.11~~ does divide those t.liinqs 
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up and is leading to us to, we hope, clear conclusions about the way ISIS 
should go. 

The last presentation was from Walter Fischer, on ASTOR. This is 

an accelerator and storage ring, an SIN “update”. The reference design 

is for an energy of 2.2 GeV with a mean current of about 300 PA. It is 

based on the isochronous cyclotron so that oue might well achieve a beam 

loss of 0.1% (which he called a conservative design but clearly .at these 
energies and intensities is a very necessary design criterion if a difficult thing 
to achieve). The motivation for this work is essentially particle physics - 
especially neutrino studies - but clearly it’s a potential neutron source (and 
I was going to say good neutron source but that may not. be a properly 
qualified expression!). It has a high pulse repetition frequency (of about 

2 kHz) with a pulse length of 150 to 300 nsec. It is possible to reduce 

the repetition frequency but the mean current, goes down at the same time. 

Because of this high repetition rate, it, is a system that would be good for the 
high epithermal region, 3 to 10 to 50 eV. There is scope for eV spectroscopy 

but, one must find good science against competition from synchrotron light 

sources, for example. Questions were asked about moderators and the 
possibilities of metal hydrides were recalled, which we at ISIS had looked at 
in the past but had discarded. Decouplers for high epithermal energies will 
be a problem, because the intent would be t,o take out the complete thermal 

part. of the neutron spectrum. There were remarks that the spectrometers 

will be harcl and we got,. back t.o the question of background. 

We are always back to the problem of background these days! 
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ABSTRACT 

We describe the Enriched Uranium Booster Target designed for use in 

Argonne’s Intense Pulsed Neutron Source. This report contains a general 

description of the system, and descriptions of the thermal-hydraulic and 

loss-of-coolant accident analyses, of the neutronic, criticality and power 

density calculations, of the assessment of radiation and thermal cycling 

growth, and of the disk fabrication methods. We also describe the 

calculations of radionuclide buildup and the related hazards analysis and our 

calculations of the temperature and stress profiles in the disks, and briefly 

allude to considerations of security and safeguards. 

I. Introduction 

The purpose of the Enriched Uranium Booster Target (the lVBooster’l) is to 

increase the intensity of the neutron beams from IPNS. Conceived in 1980, 

the design project began in earnest three years ago. We took the design- 

limiting constraints to be the maximum power (about 100. kW) that could be 

dissipated by the existing cooling system without major modification and with 

the maximum-envisionable current delivered by the Rapid Cycling Synchrotron, 

and the space restrictions of the existing moderator, reflector, target- 

*Work supported by the U.S. Department of Energy 
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handling and beam port arrangements, consistent with safety and security 

requirements. We described our progress up to about a year ago in an earlier 

reoort. 111 

The final design consists of a set of Zircaloy-2-clad, 77.5% 235U 

enriched alloy disks of the same constitution as the present, depleted- 

Uranium target, 111 cooled by H20, and decoupled from the immediate 

surroundings by a layer of newly-developed 10 Boron-Copper composite material 

to provide a short prompt-neutron generation time and thus preserve a short 

response time. The value of keff is .80 for this target in its operating 

surroundings. The heat to be dissipated is about 83.kW for a 20.uA, 500. MeV 

beam, the maximum proton beam power envisionable. (With the present target, 

the thermal power is about 10. kW for a 15 PA, 450 MeV beam.) The expected 

gain in neutron beam intensity for the same proton beam conditions is a 

factor of about 3 (not l/(1 - keff) = 5., because the proton-induced source 

neutrons are not all distributed in the keff = .80 mode and because the 

target-moderator coupling differs in the Booster case from the present case; 

furthermore because the depleted uranium target has a significant gain, l/(1 

- k 
eff 

) c: 1.1). We expect that the fraction of neutrons which appear delayed 

will increase significantly from its present value of about 0.0044, to about 

0.03, and are devising both hardware and software measures to cope with this 

in the instruments in which the increase is found significant. We further . 

expect to have to make some local modifications to the main shielding and 

that of some of the scattering instruments. We have already installed two 

flowing liquid CH4 moderators, operating at about lOO.OK, that we believe 

will be suitable for the higher 

grooved, solid CH4 moderator of 

Booster. 

Because the power density 

power target; we are constructing a new 

improved design, for installation with the 

distribution is much broader in the 

multiplying booster target than in the depleted uranium target, disks need 

not be much thinner than those in the present target in spite of the much 

larger total power. We need l/Z-inch thick disks only in the front section 

of the target; the remainder are 1” thick. 304 stainless steel flow guides 

maintain 0.060” thick channels between disks for cooling. Eight disks chosen 

so as to provide the maximum amount of diagnostic information, contain a 

centered, stainless-steel-clad thermocouple located in a l/16” diameter, 

Zircaloy-2 thermowell. The assembly of disks, compressed by concentric 

Inconel springs, rests in a welded vessel of 304 stainless steel. Flexible, 

corrugated, steel-braid-sheathed, stainless steel tubes carry cooling water 

to and from the target. 
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Alloying, casting, machining and Hot Isostatic Pressure bonding of the 

target disks has been done under contract at the Oak Ridge Y-12 facility, 

using processes similar to those developed at Argonne for producing the 

present depleted Uranium target disks. Differences in the casting processes 

have led to a somewhat-less-desirable metallurgical state of the Booster 

uranium, than that of the material of the present target. Figure 1 shows the 

Booster target located in the moderator/reflector assembly. 

The cooling system is essentially the same as has been in use with the 

present target; we have joined the two identical systems, each of which 

previously cooled one of the two targets (the Radiation Effects Target, no 

longer used but still available, and the Neutron Scattering Target), for 

parallel, simultaneous operation to cool the Booster. To provide for removal 

of the substantial fission product decay heat in the event of loss of the 

primary cooling system, we have installed a low-capacity backup cooling 

system operated from two battery-supplied uninterruptable power sources. 

Other minor modifications have made it possible to backfit for D20 cooling if 

we find it necessary to shorten the Booster response time. As previously, 

the cooling systems lie in sealed, Helium-filled tanks, vented to the 

facility exhaust, which is continuously monitored for radiation. Each 

circuit contains filters, heat exchangers, surge tanks, ion exchangers, flow 

and gross gamma radiation monitors as earlier. There is one fission product 

monitor. During operation, we will periodically remove cooling water, 

demineralizer resin and surge tank gas samples to monitor for abnormal 

radioactivity. This remains our method for sensing clad integrity and 

provides a criterion for continued target operation. 

We have installed a somewhat upgraded system of instrumentation, 

controls and interlocks for use with the Booster. Figure 2 schematically 

shows the Booster Target cooling system. 

We do not expect clad failure due to fatigue under cyclic thermal stress 

to limit the life of the target. Somewhat greater metallurgical texture in 

the Booster target material than in that of the present target, combined with 

greater burnup, will lead to somewhat anisotropic dimensional changes in the 

disks--at the time of writing we are assessing these effects, which we now 

believe will limit the target service lifetime to about five years. 

The, total costs (engineering and supporting studies, process 

development, fabrication and installation) amount to $1.5 M. We have used a 

computer-based PERT system to plan and control the project. Installation’ and 

first operation are expected in Fall of 1986. We have recorded.slow neutron 

beam spectra from the moderators under what we hope will be reproducible 
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conditions prior to the end of operation of the present target, in 

preparation for relative intensity measurements after Booster installation. 

II. Thermal-Hydraulic Analysis 

Cooling System 

The increased power in the Booster target requires twice the coolant 

flow of that in the present target; modifying the two existing, independent 

systems (Neutron Scattering Target and Radiation Effects Target) for parallel 

operation provides the required coolant flow. On the basis of field tests of 

a single system, we have developed a computer model’*’ of the hydraulic 

behavior of the cooling system, with which we calculate the relationship 

between pressure differential and flow rate, the “performance curve”, of the 

combined systems at the tee connections to the Booster target. Figure 3 

shows this Cooling System Supply curve, which we have used in the course of 

hydraulic analysis to describe the interface between the cooling system and 

the target itself. 

Field measurements have also provided the heat removal 

existing heat exchangers; these tests indicate that the two 

together are adequate for the increased heat lbad of the 

Table 1 gives the operating parameters of the cooling system. 

Table 1 

Operating Parameters of the Cooling System 

Coolant H2° 
Minimum coolant flow rate 90. gpnl 

Maximum coolant supply temperature 120. OF 

Temperature Differential 6.5OF 

Pressure Differential 18. psi 

Booster Target Analysis 

capacity of the 

heat exchangers 

Booster target. 

Coolant flows to and from the target through pipe connections made at 

the back (opposite the proton entry) end of the target (see Figure 1). 

Channeling in the back of the target housing directs flow to the inlet plenum 

and from the outlet plenum, which constitute the space between the round 

target disk caps and the elliptical vessel. When the disks and caps are 

assembled in the housing (they are compressed by coil springs located in the 

back of the vessel) slots in the face of each cap form parallel flow ducts 
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connecting the inlet and outlet plenums. Forced convection in these ducts 

cools the faces of the disks. An accurate small-clearance fit between the 

caps and radial arcs machined in the housing walls prevents short circuiting 

of coolant past the caps. 

The assembled target has 13 target disks and 14 flow channels. The 

front seven channels are full flow channels, and comprise three main slots 

and two cirumferential leakage paths; the seven channels in the back carry 

reduced flow on account of the lower local power density, and comprise eight 

main flow paths and two leakage paths. 

A study by the general systems code SALT, using the Darcy equation with 

K&m&n-Nikuradse friction factors and Crane’s 131 entrance and exit loss 

coefficients to calculate pressure drops, has determined the pressure drops 

and the velocity and pressure profiles in the assembly, its associated hoses 

and piping up to the tee connections. Figure 4 schematically represents the 

computer model of the target. Using these results and the performance curve 

of the cooling system, we have developed a superimposed curve of the supply 

and resistance pressure differentials vs. flow rate. The performance curves 

indicate that at 90 gpm total flow rate, the two pumps operating in parallel 

produce a head well in excess of what is required (approximately 13 psi). A 

new control valve, located in the target return line, will be used to 

throttle the flow (see Figure 2). This analysis provides the flow conditions 

(velocities, Reynolds numbers, pressure drops) for each disk and channel, for 

the following cases: 

a) Two main pumps running (normal operation) 

b) Broken springs (abnormal) 

c) Total flow rates 5 to 150 gpm (parametric study for developing 

performance curves). 

The notes on Figures 4 and 5 (below) correspond to the flow conditions for 

the normal operating case. 

Flow rates from these calculations, used in conjunction with the Dittus- 

Boelter correlation, provide convective coefficients which are used in turn 

as input for the calculation of the temperature profiles in the disks. 

III. Disk Temperatures and Stresses 

We have modeled disks of both one inch thickness and one-half inch 

thickness using the finite element computer code ANSYS. The HETC/VIM Monte 

Carlo code provides internal heat generation rates, which for these purposes 

we take to be at the upper 3a limit computed for 500 MeV, 20 VA, 3.0 cm fwhm 

diameter proton beam conditions (the maximum operating case). A curve 
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fitting routine smoothes the radial power density profile, which we assume 

has an underlying functional form 

P(r) = Po/(l. + ar2 + br4), 

from the Monte Carlo data, binned into four radial bins, and provides data in 

thirty-eight radial bins for the ANSYS code. We assume the axial power 

density distribution to be uniform within each one-half inch thick disk,. and 

uniform within each of the two one-half inch regions of each one inch thick 

disk. The hydraulic analysis provides convective boundary conditions at the 

disk faces, where we assume for the convective coefficient an area-weighted 

average over the entire disk face. We assume that the disk circumferences 

are insulated. 

We have calculated the temperatures and stresses in disks #2, #3, #4, 

#7, #8 and #I2 for the maximum operating case. Figure 5 summarizes the 

results, showing the center temperatures (maximum uranium temperatures) and 

clad surface centerline temperatures (maximum surface temperature in the flow 

channels). The highest temperatures both in the uranium (527 OF) and on the 

surface (248 OF) occur in disk #2; therefore that disk has been used in 

detailed studies of the off-normal and parametric studies. The hydraulic 

analysis has determined that the minimum saturation temperature in the flow 

channels is 267 OF; this provides a heat flux margin of 13% against nucleate 

surface boiling in the channels. Figure 6 shows the temperature distribution 

in disk #2. This distribution is the basis for the thermal stress analysis 

described below. 

The thermal analysis for the broken springs case uses the convective 

coefficients calculated from the hydraulic analysis for that condition. We 

calculate temperatures for two cases of blocked channels; with the central 

flow path blocked and with both outer flow paths blocked. Results from these 

cases indicate that some clad damage may occur under these off-normal 

conditions, but that no significant safety issues arise. 

We have studied the effect of a nonbonded cladding region by calculating 

temperature distributions for several different sizes of circular insulated 

areas centered on the face of the disk, and the insulating effect of the 

spacer by calculating the temperature distribution for an insulated circular 

region the same width as the spacer strip. Results of these calculations 

indicate that nonbonds of l/8 inch diameter and smaller and the l/8 inch wide 

spacer strips, have little effect on the temperature distribution in the 

target disks. 
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Fig. 6 Temperature Distribution for the #2 Disk at 500 MeV, 20 PA, 3.0 cm 
fwhm Operation 
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Fig. 7 Stress Intensity Distribution for the #2 Disk at 500 MeV, 20 PA 3*o 
cm fwhm Operation 
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We have developed two models to study conditions under normal and off- 

normal conditions. Figure 9 shows both the l/4-round and the l/2-round 

models. 

a) 

We have studied the following cases: 

Coolant flow requirements under beam shutdown conditions (used to 

‘decide the size of decay heat removal pumps) - normal. 

Result: 2 gpm flow is required to prevent damage to target disks. 

Decay time required before cooling can be stopped (used to determine 

requirements for safe. removal and storage of the irradiated target) 

- normal. 

Result: 45 days of cooling are required to prevent damage to target 

disks. 

b) 

c> 

d) 

4 

Stoppage of primary flow with proton beam off (used to determine the 

length of time before cooling must be provided) - off normal. 

Result: A minimum of 11 hours are available until damage occurs to 

the tar.get disks. 

Total loss of coolant (used to determine whether autocatalytic 

ignition of Zircaloy cladding occurs, and that the temperatures 

remain below the melting temperature of all materials)- off normal. 

Result: Figure 10 shows the temperatures of various materials as a 

function of time, assuming infinite prior operation. Some oxidation 

but no autocatalytic ignition of cladding occurs; no materials melt. 

Stoppage of secondary flow through heat exchanger (used to determine 

the length of time before remedial measures must be taken) - off 

normal. 

Result: After 22 hours, the primary coolant temperature reaches 180 

OF, at which temperature cavitation begins in the primary pumps. 

v. Radiation and Thermal Cycling Growth 

During operation, the Booster target disks will undergo anisotropic 

dimensional changes that could limit the target lifetime by opening bypass 

coolant flow paths, closing coolant flow paths, straining the target vessel 

or cracking cladding. Irradiation-induced growth and thermal cycling growth 

depend on the grain size and the degree of preferred orientation (texture) of 

the uranium; we are currently quantifying these characteristics of the 

material by neutron diffraction methods. Figure 11 compares the neutron 

diffraction patterns of randomly-oriented uranium and the as-cast Booster 

target material, from a depleted uranium test casting. Measurements were 

made at the IPNS Special Environment Powder Diffractometer. Further, 
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quantitative texture measurements are being made at the powder diffractometer 

and the single crystal diffractometer at the Missouri University Research 

Reactor. Preliminary texture 1 measurements and analyses have shown that 

irradiated target disks will exhibit a net radial shrinkage and a net axial 

growth exceeding the volumetric swelling due to solid fission products, 

gaseous fission products and cavitation. 

The volumetric swelling rate is &J/V = 5.2 + 0.06 %/at% burnup [5961; 

since this swelling is isotropic, the relative length change is Al/l = 1.7 + 

0.02 %/at% burnup. Anisotropic growth takes place without net volume change. 

For nominal operating conditions, 16 uA, 450 MeV. 3. cm fwhm proton beam 

diameter, and 26 weeks per year operation, the maximum radially-averaged 

burnup rate is 0.063 at%/yr, and the maximum central burnup rate is 0.083 

at%/yr. The target can accommodate at most 2 % radial shrinkage of the 

uranium before bypass flows become troublesome, and at most 9 % axial growth 

before the springs become fully compressed. If anisotropic growth rates were 

known and included in the calculations of the dimensional changes, the time 

to exceed these limits can be estimated. For example, if the anisotropic 

growth rate is Al/l = 54%/at.% burnup (current estimate derived from texture 

measurements 171 on as-cast, HIP treated material, for unalloyed, unrestrained 

uranium) and the radial shrinkage rate is 27%/at.% burnup, then the lifetime 

of the target would be about 1.3 years, limited by radial shrinkage. Axial 

growth limits would be exceeded after 2.1 years. We are considering &phase 

heat treatment to reduce the texture of the material and mechanical means to 

accommodate the growth, meanwhile assessing the accuracy of these 

predictions. Recall that the estimate of lifetime considering clad fatigue 

failure for continuous operation and more ’ severe circumstances is about 27 

years. 

The average target burnup, conservatively assuming five years at the 

expected operating conditions and duty cycle is 0.225 at% and the concomitant 

peak burnup is 0.75 at%. The effects on target structural materials other 

than uranium, due to nuclear radiation associated with these burnup figures, 

are negligible except in the case of the cladding, which we have taken into 

account by use of data for irradiated Zircaloy in estimating clad fatigue 

life. 

VI. Disk Fabrication 

Assembly Process Description 

Oak Ridge Y-12 plant, with technical support of ANL, is fabricating the 

clad, enriched uranium disks. Casting, machining, bonding, and inspection 
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procedures are adaptations of the methods developed at ANL for producing the 

depleted uranium target. Figure 1 above shows the target disk and vessel 

design. Electron beam welds seal the split cladding cans on the disk 

circumference. A high temperature and pressure HIP bonding operation creates 

a diffusion bond between the cladding and the uranium core. Final machining 

reduces the initially .060 inch thick cladding to .040 inches on the 

circumference and .020 inches on the faces. 

Process Qualification 

This phase of the work employed depleted uranium alloy material to 

establish proven processing, manufacturing and inspection procedures. Y-12 

has produced, assembled, bonded, and tested four qualification disks, two of 

l/2 inch thickness and two of one-inch thickness. Argonne provided the 

machined cladding cans. Due to criticality considerations, we substituted 

the Y-12 process of vacuum induction casting into a rectangular slab mold, 

for the ANL procedure of consumable arc casting. To provide the required 

high purity atmosphere during bonding, we installed at Y-12 an upgraded, 

small HIP bonding unit from ANL. A single cycle does not always produce 

complete bonds in the corners of the disks. This is due to the mismatch of 

the volume contraction and stiffness of uranium and zircaloy, which stresses 

the interface upon cooldown, leaving the clad in compression, Little is 

known about the strength of the bond, but the extrusion constant is a good 

measure of the stiffness of the materials: 6000 psi and 16,500 psi for 

uranium and zircaloy-2 respectively at 820°C and 30,000 psi and 50,000 psi at 

65OOC. The difference aggravates the problem of clad-core separation during 

cooldown. A second cycle shows a good probability of bonding disks which 

have flaws after the first cycle. 

We have examined three qualification disks nondestructively and 

destructively to characterize the materials and verify the adequacy of the 

design. Measurements included determining chemical additive content, uranium 

grain size and texture, clad weld penetration, clad-core bond quality and 

machined final clad thickness. Final review has determined that the 

established procedures are capable of providing acceptable target disks. 

Disk Production 

Clad Can Fabrication. ANL has fabricated the Zircaloy-2 cladding cans 

from a 4-l/2 inch diameter annealed forging. The nominal 4 inch diameter, 

l/2 or one inch deep, .060 inch thick cans have closely-held dimensions 
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chosen to allow convenient assembly and tight fitup at bonding temperature. 

Drumhead bowing and weld face warpage are persistent problems that we have 

overcome by reducing the machining cuts to small, closely-controlled steps 

and using special hold down fixtures, pads and clamps. The inner surfaces of 

the cans must be free of foreign matter to promote diffusion bonding. 

Adjustment of machining speed, feed rate and cutting lubricants has produced 

surfaces of the needed quality. 

Thermowell Tube Fabrication. ANL has also produced the thermowell 

tubes, machined from l/2” diameter round stock, 2-3/8” long, drilled to 

provide a hole of final size. Special precautions prevent hole arching. 

After drilling, the outer diameter is machined concentric with the bore. A 

gas tungsten arc weld bead seals the end of each finished tube; x-ray 

inspection verifies the quality of the weld. 

Uranium Core Casting. Enriched uranium feed material is melted by a ’ 

vacuum induction technique in a graphite-coated crucible. Elemental alloying 

additives, nominally 350 ppm Si, 250 ppm Fe, and 450 ppm C, combine in the 

melt to produce an composition resistant to thermal cyciing growth and 

irradiation swelling, The melt is held at 1325 OC for 15 minutes, poured 

into a graphite book mold coated with a mold wash of Zr02-ZrSiO 
2 

and air 

cooled. The size of the castings for one-inch thick disks is 1.3” x 4.5” 

x10” ; for l/2” thick disks, 3/4” x 9“ x 9”. Standard machining practices J 
produce finished cores. Carbide drills introduce holes for the thermowells; 

overcoming problems, of stuck drills and hole runout requires trial and error 

experience. Core blanks provide samples for chemical analysis and 

metallography. As-cast uranium grains are approximately of ASTM size 2, with 

prominent subgraining as shown in Fig. 12. 

Disk Assembly and Bonding. Cleaning inspected disk components before 

assembly and welding is essential. ‘Wire brush cleaning removes surface 

oxidation from the inside surfaces of the Zircaloy cans. Manual cleaning 

with a Sketch-Brite pad, followed by a pickling dip in 

in a bath of isopropyl alcohol and wire brushing, 

adequately. Visual inspection of the uranium surface 

the surface oxide, as indicated by a mottled, darkened 

removed. Proper cleaning of the uranium is critical for 

bonding. 

nitric acid, a rinse 

prepares the uranium 

shows whether or not 

appearance, has been 

success in diffusion 

Metal handling tools insert the uranium core into the cladding cans in a 

dry box atmosphere; a radial 0.005” core-clad gap and 0.003”-0.008” axial 

gap optimize the fitup during assembly. Next the assembly is placed in the 
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Fig. 12 Typical Cast Uranium Grain Size Distribution. Magnification 
(approximately x100) is such that the base of the figure represents 
1.3 mm. ANL Neg. MS-85-0718-2. 
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electron beam welding chamber and evacuated. The weld seals the canhalves 

on their circumference as the assembly is rotated. Selected and qualified 

welding parameters effect the proper penetration, which extends 30-70% into 

the clad wall. Excessive penetration causes uranium alloying in the weld, 

and catastrophic cracking. The clad separation beneath the weld joint heals 

completely during the HIP bonding process. Electron beam welds also seal the 

thermowell tubes to the cans. Welding must be done in a short time after 

cleaning and assembling the components, meantime they must be stored in inert 

containers. 

A Hot Isostatic Pressure bonding process produces a metal-to-metal bond 

between the cladding and the uranium of the sealed disk assemblies. A bed of 

Zirconium chips accompanies the disks in the bonding unit, as a getter of 

impurities. Purge cycles of,evacuation and introduction of high purity argon 

gas and the use of the getter chips prevent heavy oxidation of the cladding, 

which makes it very stiff and seems to lead to debonding during cooldown. 

Following a one-hour heatup to 840. OC and pressurization to 25,000. psi, the 

temperature and pressure remain at the maximum for three hours; a controlled, 

slow cooldown at 1. OC/min follows until the temperature reaches 200. OC. 

The expected superficial oxidation of the cladding can be removed by emery 

paper. Figure 13 shows a typical clad-core bond zone. 

Final machining produces close tolerances on disk thickness and 

diameter. HIP bonding produces some undulation of the disk surfaces, so that 

precise disk surface maps have to be made before alignment in the lathe. 

Frequent measurements during machining enable the clad face thickness to be 

held in the range 0.017/0.025”. 

Inspection. Chemical analysis of the cast uranium core samples give the 

Si, Fe, and C additive content as well as the content of other metallic 

impurities. These results along with examinations of grain structure in 

metallographic sections and crystallographic texture in diffraction samples, 

provide for the assessment of uranium swelling. 

Ultrasonic tests check the entire disk surface, including the rounded 

corners, for completeness of bonding, and can detect nonbonded areas down to 

a diameter of l/16”. Y-12 and ANL test methods compare successfully. 

Calculations indicate the thickness of cladding after final machining, 

although this approach presents some difficulties. We spot-check the clad 

thickness with a portable ultrasonic unit calibrated against standards of 

known thickness. 
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Fig. 13 Typical Clad-Core Bond Interface After HIP Bonding at 840°C for 
Three Hours 
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Other inspections which take place throughout processing and prior to 

shipment include mass spectrometer leak testing, visual inspection, weighing, 

measurement of thermowell dimensions and checks for surface uranium 

contamination. 

VII. Radiological 

We expect the highest long-term operating conditions to correspond to 

16. uA, 450. MeV proton beam current with a beam size between 3. and 4. cm 

fwhm diameter. These conditions will produce 56. kW total thermal power 

(49.2 kW fission, 6.8 kW spallation), although we have assumed higher values 

for purposes of conservative design. Because of this relatively low power 

and because we expect to operate only about half the time, the radionuclide 

inventory is not so large as to constitute a significant radiological threat 

to the public. We have demonstrated this through an analysis based on the 

most probable mechanism of release of radionuclides ,to the coolant water, 

that is a crack in the cladding in the most highly stresed target disk. The 

analysis further conserva,tively assumes (1) five years ’ continuous operation 

at 18. uA, 500. MeV (total power 74.9 kW), (2) 30 days’ continuous operation 

after a clad crack 1: mm wide develops across the face of a disk (normally, 

this would be detected in no more than four hours in the course of regular 

monitoring of gas samples), and (3) a breach of the target cooling system 

which releases all the cooling water to the atmosphere. We have assessed the 

consequences both of the water being filtered through the IPNS effluent 

control system and when it is released unfiltered (as a result of a tornado 

or earthquake, for example). 

The computer code ORIGEN has calculated the fission product buildup, 

ORIHET computed ,the spallation product buildup, and DOSER determined the 

hazard of the release to a receptor at the ANL site boundary 'WI, The basis 

for the case of unfiltered release is that 100% of the noble gases, 50% of 

the halogens and 0.1% of the solids are released; for the unfiltered case the 

fractions are 100% of the noble gases, 50% of the halogens and 10% of the 

solids. Both analyses assume a wind speed of 1. m/set and Class F wind 

stability conditions. Table 2 shows the results, expressed as a fraction of 

the 10CFRIOO[gl guideline values. 
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Table 2 

Clad Breach Dose Consequences 

ORGAN lOCFRlO0 DOSE IN DOSE IN 

GUIDELINE FILTERED UNFILTERED 

DOSE, rem CASE, % CASE, % 

Bone 150. 1.8 x 1o-4 0.016 

Lung 75. 2.0 x 1o-3 0.19 

Thyroid 300. 5.4 x 1o-3 5.4 x 1o-3 

Whole Body 25. 4.7 x 1o-4 9.6 x 1O-3 

The highest dose is 0.19% (0.14 rem) of the lung guideline dose which is not 

a significant hazard. 

The increased radiation from the Booster target (about ten times that of 

the present target for the same operating conditions) while in operation or 

when shut down necessitates only minor changes in the main shield, and some 

changes in the target handling procedure. The increased radiation during 

operation will not cause any increase in groundwater activation above that of 

the present target. [lOI 

VIII.Neutronics and Power Densities 

The complexity of the Booster target configuration suggests the 

application of a Monte Carlo code to the neutronic analysis, rather than a 

mesh-based analysis. We used Argonne’s neutral particle radiation transport 

code VIM. [ill Since the Booster assembly is very small, it is intimately 

neutronically coupled to its environment. The spectrum in the target is very 

hard, but the surrounding media are mostly thermalizing, and contain large 

voids and localized strong absorbers, so there is no reliable way to 

postulate a fundamental mode neutron distribution to be used for multigroup 

cross section generation. VIM’s use of combinatorial geometry and of 

detailed, composition- and spectrum- independent, continuous-energy cross 

sections and scattering distributions eliminates these problems altogether. 

Accordingly, we have used VIM for all neutronic design calculations, except 

for estimation of the prompt neutron generation time, for which we used KENO. 

Having chosen from survey calculations the operating keff = .80 as 

providing approximately the desired design features, we have determined the 

required enrichment to be 77.5% from a series of eigenvalue calculations 
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performed for various values of 

assured) in a variety of cases 

by different materials which 

transport and 

circumstances. 

remain in place 

results. Since 

enrichment. Subcriticality is assessed (and 

in which the Booster is completely surrounded 

either are encountered during fabrication, 

installation, or might The 10B decoupler layer be encountered in off-design 

in the vessel wall is assumed to 

for the purpose of these calculations. Table 3 shows the 

the Booster must pass through the beryllium outer reflector 

during insertion and removal, we have modeled these two situations in more 

realistic detail. These cases are conservative because the absorbing media 

associated with the moderator-reflector assembly and the iron constituting 

the main shield are represented as beryllium. As shown in Table 3, keff = 

case, we have 

at 20 uA, 500 

0.92 in both these cases, which differ in that in the removal 

accounted for the (estimated separately for 5 years operation 

MeV) 2.5% burnup of the, 
10 

B decoupler. 

Table 3 

Booster Eigenvalues in Various Configurations 

DESCRIPTION k eff 

Bare 0.6660 f 0.0034 

Embedded in CH4 0.7337 f 0.0062 

Embedded in H20 0.7523 + 0.0046 

Embedded in concrete 0.8119 _+ 0.0060 

Embedded in iron 0.8346 + 0.0038 

Embedded in natural uranium 0.8860 + 0.0049 

Embedded in graphite 0.8900 + 0.0064 

Embedded in beryllium 0.9362 + 0.0051 

During insertion 0.9200 -f. 0.0035 

During removal 0.9179 + 0.0069 

We calculate the power densi ties required for thermal-hydraulic, 

activation, and other analyses, using four radial bins in each disk. This is 

done in two steps; first using the High Energy Transport Code HETC I121 we 

simuiate the transport and.the heat generation of the incident protons, high 

energy fission and spallation processes. VIM then picks up the.calculation 

for neutrons using the source site tape written by HETC,, which contains the 
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spatial coordinates, energies and directions of all the neutrons born or 

downscattered below 15 MeV. About 30 additional generations (99.999%) of all 

neutrons born in subcritical multiplication are included in the VIM 

simulation. The resulting heat generation rates are the sum of the HETC 

estimates and the VIM fission rates, assuming 190. MeV is deposited at the 

fission site. Figure 14a shows the power density distribution. For these 

calculations we take the proton beam to have a full’width at half maximum 

diameter of 3. cm, slightly larger than the radial mesh width of 1.27 cm. 

This radial peaking is evident when comparing the dominance of the 

fundamental mode axial profile in the outermost annulus to the front-peaked 

centerline profile. The rapid falloff of the power density in the downstream 

end of the target is due to the finite range of the protons. Figure 14b 

shows the two computational (and physical) components of the power density in 

the central zone: high energy interactions (HETC) and lower energy fissions 

(VIM). The fission rate density is peaked in the front due to the high 

density of source sites produced by high energy interactions (HETC), and its 

subsequent relaxation to the fundamental mode. We have found in a separate 

study that, in addition to producing more primary neutrons, higher energy 

protons excite the fundamental mode more efficiently than lower energy 

protons, and thus produce multiplied neutrons more than in proportion to the 

primary spallation yield. 

The efficacy of the Booster has been demonstrated by calculating the 

neutron flux (track length) in a 1.4 cm-thick slab at the surface of a room 

temperature polyethylene moderator in position II C II 
I on the side facing the 

neutron beam tube, and comparing the Booster with the present, depleted 

uranium target. Both calculations use the same HETC-generated primary 

neutron source, and employed modest splitting and Russian Roulette techniques 

to improve the efficiency of the calculation. Figure 15 shows that the 

shapes of the spectra are nearly identical, and larger in the Booster case 

than in the depleted target case by a factor of about 3.0. 

We have used the Monte Carlo code KEN0 1131 for three purposes: (1) in 

safety-related assessments of the multiplication factor, for aggregations of 

free target disks and the assembled target in various media; (2) to 

determine the prompt-neutron generation time 1 

of the prompt pulse width T <, Ip/(l - keffy 

and thus provide an estimate 

) ; and (3) to perform check 

calculations of keff to compare with VIM results for several identical cases. 

The calculations show that subcriticality is guaranteed under all conditions 

of assembly, operation, and disposal. KEN0 is a criticality safety code, 
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z - Axial Distance from Front face of Target, cm 

Fig. 14a The Power Density Distribution in the Booster Target 
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which is known to be more conservative than VIM; as expected, the KEN0 keff 

values are always higher (Akeff = 0.01 - 0.03) than those from VIM. The 

prompt generation time is found to be 68. nanosec, and the Booster response 

time accordingly estimated to be 340. nanosec. This does not affect 

moderated neutron pulse widths significantly for energies below about 6. eV 

in a typical moderator. If the inner reflector were beryllium rather than 

graphite, and the coolant were D20 rather than H20 (design options that we 

have recognized but not employed for economic reasons) the Booster response 

time would be 43. nanosec. , while the estimated pulse width would be 215 

nanosec. 

IX. Safeguards and Security 

Because of its significant content of special nuclear material ( 235u ) 

and (eventually) of radioactive materials, the fabrication, operation and 

disposal phases of the Booster target are subject to safeguards and security 

regulations and controls. The design and operation of the target and 

supporting systems fully accommodate these regulations, and attention to them 

has been a substantial part of the design and planning activity. This aspect 

of the work has been facilitated by our continuous and early consideration of 

these issues. 

X. Summary 

We have described the design and evaluation of an enriched uranium 

booster target for IPNS. The new target will be installed in the near 

future, without extensive modification of the facility, and meets all the 

criteria for safe operation. The Booster will increase the intensities of 

the neutron beams, and therefore the effectiveness of IPNS by a factor of 

three. 

Acknowledgement 

We express our gratitude to M. H. Mueller, J. W. Richardson, Jr. 

(Argonne), D. G. Reichel, F. K. Ross and W. B. Yelon (Univ. of Missouri) for 

their excellent work on the neutron diffraction characterization of uranium. 

We thank T. Weincek and R. F. Domagala for development and production of the 
10 B-Cu composite decoupler material. 

588 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

A. W. Schulke for the IPNS Enriched Uranium Booster Target Design Team, 
“IPNS Enriched Uranium Booster Target”, ICANS VIII, Proceedings of the 
Eighth Meeting of the International Collaboration on Advanced Neutron 
Sources, Rutherford-Appleton Laboratory, July, 1985, Rutherford-Appleton 
Laboratory Report RAL-85-110, Volume I, 231, (1985). 

0. J. Erickson, unpublished information, 1984. 

“Flow of Fluids Through Valves, Fittings and Pipes” Technical Paper 409, 
Crane Company, 1942. 

W. J. O’Donnell and B. F. Langer, “Fatigue Design Basis for Zircaloy 
Components”, Nucl Sci & Eng 20, 112,(1964). 

M. C. Billone personal communication to B. S. Brown. 

B. A. Loomis personal communication 

M. H. Mueller and J. W. Richardson, 

D. R. Henley personal communication 

“Part lOO--Reactor Site Criteria”, 

to B. S. Brown. 

personal communication. 

to A. E. Knox. 

u. s. Code of Federal Regulations, 
. . 

Chapter 10, Nuclear Regulatory Commission. 

M. M. Barbier, unpublished information, 1984. 

R. N. Blomquist, “VIM, A Continuous Energy and Photon Transport Code”, 
Advances in Reactor Computations, Proceedings of a Topical Meeting, Salt 
Lake City, 28-31 March, 1983. 

R. C. Chandler and T. W. Armstrong, “Operating Instructions for the 
High-Energy Nucleon-Meson Transport Code HETC!“, Oak Ridge National 
Laboratory report ORNL-TM-36607 (1972). 

L. M. Petrie and N. M. Cross, “KEN0 IV--An Improved Monte Carlo 
Criticality Program”, Oak Ridge National Laboratory report ORNL-4938 
(1975). 

589 



590 



ICANSIX 

INl'EXNATIONALcoLLABoRATIoNONAwANcEDNEuTRoNSUlRCES 

22-26 September, 1986 

Studies of Low Enrichment Targets for ISIS 

T.D. Beynon, D.J. Pi&on and T. Al-Sharify 

Department of Physics, University of Birmingham, 
Birmingham B15 ZTT, England. 

ABSTEACC' 

The paper concentrates on design options for a replacement to the 

current depleted uranium target on ISIS, The two options under 

consideration were the use of a variable enrichment to flatten power 

production, and a change in the shape of the target from a circular to a 

rectangular cross section. 

The results for variably enriched targets must be judged by the 

available benefits to moderators, rather than overall gains in neutron 

production. "Flattening" power production by the use of axial enrichment 

variation would mainly benefit the "downstream" moderators possibly by a 

factor of two. In contrast, the use of a radially varying enrichment 

would enchance the performance of all moderators. Xt is clear that a 

combination of the two would be a desirable option. 

The results 

encouraging, in 

enrichment. 

for a target with a rectangular 

that substantial gains could be achieved at a far lower 

cross section were 
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1. INTRODUC!l'IDN 

!Pwo basic options for enhancing the ISIS target station are currently 

under investigation. The present depleted uranium target could be 

replaced by an enriched target. The replacement target-moderator- 

reflector configuration would, in practice, be subject to a number of 

constraints; for example, the size and shape of the target pressure 

vessel could not be changed. The second option would involve the 

construction of a completely new target station, for which the conceptual 

design restrictions would of course be less severe. 

This paper concentrates on design options relevant to the replacement 

of the existing target with an enriched uranium target of similar 

dimensions. As the title suggests, the concept of a highly enriched 

'superbooster' within the available space is not realistic; a replacement 

target would have to have a relatively low average enrichment, and a peak 

Dower density of the same order of magnitude as the current target. 

The three design options explored in this paper are: variable 

enrichment along the axis of the target cyclinder, radially varying 

enrichment, and a change in target geometry from the present cylinder of 

radius 4.5 cm to a slab-like target with a rectangular cross section 

(10x20 cm). 

A variable enrichment is suggested because a flattening of power 

proauction would allow a target to produce a better neutron production 

within the constraint of a maximum peak fuel temperature. The use of a 

modified target shape, enlarged in one direction (without increasing the 

distance from the moderator to the centre of the proton beam) has a 

number of obvious advantages for any enriched target. In particular, the 
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degree of enrichment required can be considerably reduced, and (as will be 

demonstrated later) uniform flattening of power generation over the whole 

target would be far easier to achieve. 

Section 2 presents results for a cylindrical target with axially 

varying enrichment, and section 3 presents similar results for a slab 

target. Section 4 contains calculation for a radial variation in 

enrichment in a cylindrical target. 

2. _AxIALLYVARIAJ3LE ENRKXiMENT IN A CYLINDRICAL TARGET 

2.1 Calculational Details 

Fig 1 shows the geometry specified for the variably enriched target. 

The target itself was represented as a cylinder of radius 4.5 cm and 

length 30 cm, enclosed in a 1 cm decoupler region (represented as 10" 

atoms Cm' of "8.) The decoupler was in turn surrounded by-a 70 cm cube 

representing a D,O cooled Be reflector and consisting of a homogeneous 

mixture (80% Be, 20% D,O.) 

The target region itself was divided into four zones for which 

differing degrees of 2JsU enrichment could be specified. All four zones 

contained a homogeneous fuel-coolant mixture (80% uranium and 20% D,O.) 

All calculations were performed by the Monte Carlo code MORSE('), 

using the DLC-37(') coupled neutron-gamma library. The fixed source 

(representing all processes above 15 MeV) was based on a HEIC(3) 

calculation for a pure z3eU target assuming a 7 cm proton beam diameter 

with a parabolic radial distribution. An adjustment was made for the 

reduced uranium density in this configuration. 

593 



In the heterogeneously enriched configuration here and in Section 3, 

enrichments were adjusted to flatten total neutron production (ignoring 

capture processes.) A more appropriate parameter to flatten would be the 

peak (i.e. centre line) power density. However, estimates of the peak 

power density based on the results in Section 4 suggest that a target with 

a uniform rate of neutron production per plate would also have a nearly 

uniform peak power density. This is due to the fact that the relatively 

flat spatial distribution of the fission source, compared with the primary 

source, compensates for the higher energy deposition per neutron. 

All results presented in sections 2 and 3 consist of production rates 

in each target zone with the total primary source normalized to 1.0 for 

the whole target. 

2.2 Results and Discussion 

Results for the rate of neutron production in homogeneously enriched 

targets are shown in Fig. 1. It is clear that neutron production in such 

targets is very non-uniform, and a high proportion (about 45% for a '% 

target) are generated in the first 7.5 cm of the target. 

Fig. 2 presents the calculated neutron production rates for the 

heterogeneous configuration designed to produce a uniform neutron 

production rate. A "flattened" result was found to be hard to achieve for 

the entire target - in fact the last quarter required an enrichment of 90% 

to match the performance of tne 0% enriched first quarter1 

TWO parameters of greater importance are shown in Figs 3 and 4 for the 

heterogeneous target, clearly i.e. net neutron production and estimated 

power production. Here "net neutron production" eXClUed all neutrons list 
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in capture processes in the target, including fission Capture. Power 

production was estimated as 30.2 NeV per neutron for the primary source 

and 61.3 MeV per neutron for the fission sourcees). (Note: for this 

non-thermal system, y was calculated as 3.08 neutrons/fission.) 

Two basic disadvantages of enriched targets are revealed here, and 

must always be taken into account. Fission deposits more energy per 

neutron produced than spallation, and also involves the capture of 

neutrons. Thus the ratio of power production to useful neutron production 

increases with enrichment, from about 40 &WV/neutron for pure zreU to 100 

B&V/neutron for 235U. 

The overall advantage the heterogeneous target as Comparea with a 23% 

target is rather modest, Net neutron production is increased by Only 52%, 

at the expense of a 135% increase in energy deposition, However, as 

previously mentioned, the performance of the rear moderaters would be 

considerably enhanced. A precise estimate of the gain must await 

calculations in which moderators are included. 

3. AXXALLYVARIABLERNRICHMENTIN ASLAB TARGRT 

_3,.& Calculational Details 

Fig. 6 shows the geometry specified for the slab target, which 

differed from the cylindrical target only in having a rectangular 

(20x10 cmz) cross section. 

Calculations were again performed by the code MORSE. 

_3.2 Results and dicussion 

Neutron production rates for homogeneous enrichments are given in Fig 

7, and results for two heterogeneous configurations in Fig. 8. Figs 9 and 
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10 contain net neutron production and estimated power production rates 

respectively. 

The modified geometry exhibits the expected strong advantage over the 

cylindrical geometry. A relatively modest maximum enrichment (45% instead 

of 90%) is required to achieve a flattened neutron production rate over 

the whole target, and elsewhere in the target enrichments would be reduced 

in approximately the same proportion. 

The minimally enriched heterogeneous configuration (enrichements 0, 

lo%, 22%, 45%) gives a 53% increase on net neutron production, at the 

expense of a 125% increase in power production, when compared with the 

homogeneous z38u slab target. In this respect its performance is 

comparable with the heterogeneously enriched cylindrical target presented 

in section 2. The second configuration (enrichment 20%, 20%, 32%, 53%) 

increases net neutron production by a factor of 2.38 at the expense 

by a factor 4.19 in power production, again in comparison with a 0% 

enriched target. 

Precise conclusions on the merits of a modified target geometry must 

involve a more detailed investigation in which a pure realistic design is 

adopted, and a full geometry calculation, including the moderators and 

reflector is performed. 

4. INVESTIGATION OF RADIALLY VARYING ENRICHMENT 

4 f Calculational Details A. 

The one dimensional S-N code ANISN(') was used to calculate the 

performance of targets with a radially varying enrichment. 
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The material composition of the target, decoupler and reflector were 

as described in Section 2. The geometryofthe systemwas similartothe 

MORSE geometry in Fig. 1, except that all components were represented as a 

set of concentric infinite cylinders or cylindrical shells. 

The target was represented as a cylinder of radius 4.5 cm, subdivided 

into four sones of outer radii 1.125, 2.25, 2.375 and 4.5 cm, As for the 

MORSE calculations, the target was surrounded by a decoupler in the form 

of a 1 cm thick cyllindrical shell. The reflector was represented by a 

cylinder of outer radius 35 cm. 

The source used for these calculations had the same average radial 

distribution as in the BK)RSE calculations, and was normalized to 1 ns-' 

cm-t. The ratio of peak to average intensity used here was approximately 

1.9. Care must be used in interpreting the results because in practice 

the source distribution broadens along the axis of the target. In the 

first few can of the target the peak to average ratio is about 3 for a 7 cm 

diameter proton beam. 

4.2 Results and discussion 

Preliminary results indicated that the power densities in zones 1 and 

2 (0 < r < 1.125 cm and 1.125 < r < 2.25 cm) were nearly identical as was 

the enrichment required to produce a uniform power density throughout. A 

decision was therefore made 

results, and to specify the 

to combine zones 1 and 2 

same level of enrichment 

in the analysis of 

for both. 

Fig. 11 displays the total energy deposition in each target zone as a 

function of enrich+nt for uniformly enriched targets. clearly the 

proportionate variation in power density is large at low enrichments, 
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(being dominated by the distribution of the primary source,) but becomes 

small at high enrichments (because of the presence of the reflector.) 

Fig. 12 shows the results of a series of calculations in which the 

enrichments in different zones were adjusted to produce a uniform power 

density. The enrichments required (three 

combined, zone 3 and zone 4) are plotted 

density in MeV cm-'. 

values for zones 1 and 2 

against the estimated power 

A similar pattern to fig. 11 is discernable, in that the variation in 

enrichment required to produce uniform power is larger at low enrichments. 

Fig, 13 compares the net neutron production in the target for 

heterogeneously and homogeneously enriched configurations. Here the net 

leakage across the surface of the target is plotted against centre zone 

enrichment. In the absence of moderator calculations, this parameter is 

the best available indicator of target performance. However, a true 

comparison of the homogeneous and heterogeneous targets should be made at 

equal centre-line power densities, rather than enrichments. The slanted 

lines on Fig. 13, link points of equal power density in the centre zone. 

As expected, the proportionate gain in neutron production is greatest 

at low enrichments. The heterogeneous configuration with zero enrichment 

at the centre shows a gain of about 25% in the homogeneous target 

(enrichment 3%) with the same ceutre zone power density. At higher 

enrichments, the available gains are relatively poor (about 15% for a 

centre line enrichment of 502, falling to . 10% for a centre line 

enrichment of 60%.) 
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Finally, Fig 14 shows the total energy deposition as a function of 

centre - line enrichment, Again, the slanted lines link points of equal 

centre-zone power density. 

5. GEWERALCoNCLlUs1oWs 

The results for an axially enriched cylindrical target suggest that an 

overall gain of 52% could be achieved over a z+J target at the expense of 

an increase of power production from 230 to 540 kW. However, this 

could only be achieved with an unrealistically high enrichment of 90% for 

the last quarter of the target. As previously mentioned, the 

principal gain from the axially enriched target would be a considerably 

improved source for the rear moderators. 

The use of a radially varying enrichment to flatten power production 

could also improve target performance. The source distribution used here 

predicts as 25% true gain (at constant peak power density) decreasing with 

increasing enrichment. However, a more appropriate source distribution 

would predict a higher available gain (by a factor of about two) near the 

front of the target. Thus axial and radial enrichment variation are to 

some extent complementary. The radial variation would mainly benefit the 

front end of the target, whereas the axial variation would 

rear end. Calculations will now be performed for a target 

both types of enrichment variation. In principle the whole 

benefit the 

which combines 

target could be 

flattened to give a power production of about 1.5 MW; however, a 1 MW 

target with power density flattened for the first 20 cm of uranium would 

be more realistic. 

The results for a 

same level of neutron 

two dimensional target are interesting, in 

production can be achieved with about half 

that the 

the 
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enrichment. However, more detailed calculations are now needed to 

evaluate the neutron brightness available to the moderator. 

Future calculations must alS0 

reflector configuration. A major 

coupling efficiency of moderators 

target. For a number of reasons this 

primary spallation source, and it can 

efficiently with moderators. 

include a realistic moderator and 

uncertainty must be resolved, i.e. the 

to the fission source in an enriched 
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I. The Accelerator and its Beam Parameters 

ASTOR is a proposal for an isochronous cyclotron, using the SIN-ring 
cyclotron as an injectorl). The 590-MeV proton beam would be injected for 
further acceleration and be stored by means of the phase expansion 
effect. A continuous mode of operation without storage could also be 
provided. In the storage mode the ASTOR acts as an adiabatic debuncher. 
About 75 % of the circumference of the extraction orbit would be filled 
with protons in order to leave some time to excite the kicker magnet for 
a clean extraction of the bunches. The number of protons which can be 
stored is restricted by Liouvilles Theorem. 

Let be: 

&i the phase width of the injected micro-bunches. 
@f the phase width at extraction from ASTOR &f<360°. 
a the filling factor of the circumference (a=O.75). 
&G the energy gain per turn at injection. It should be 

as low as possible, that is just high enough in order 
to clear the injection septum. 

mf the total energy spread of the extracted beam 

The number of particles which can be stored in one bunch is proportional 
to 

Aw W 
NEa.-.- 

AJli &G 
(1) 

Therefore, according to (1) the number of turns from the present 
SIN-cyclotron, which can be stacked into one, bunch of ASTOR depends 
essentially on the energy spread, which can be tolerated in the extracted 
beam for a clean further transport and use of the beam. The peak 
intensity is thus determined by these conditions. 

If we tolerate a momementum dispersion in the final proton beam of Ap/p = 
0.7 % we can stack 500 turns of the SIN-cyclotron into one bunch of 
ASTOR. The following beam parameters then follow: 

Energy 2 GeV 
Current (time averaged) 300 i.lA 
Pulse length 240 nsec 
Repetition rate 1.5 kHz 
Peak intensity 1.2 * 1012 P/pls 
Beam size: radial 30 mm 

vertical 8 mm 

613 



The repetition rate can be decreased - however, only at the expense of 
time averaged current and hence not in favor of the peak intensity. 

II. A “High” Energy Neutron Source and its Physics 

If we insist to use the pulsed neutron source at ASTOR with the highest 
possible average beam current, we have to restrict the applications (and 
the optimization) of this facility to neutron energies E B 1 eV. 
According to the distance-time velocity plot (Fig. 1) for the neutrons, 
frame overlap problems for neutrons with lower energies are obvious. From 
the scientific point of view the following questions arise: 

a) Are there any physics (or more generally - scientific experimental) 
investigations which should be treated preferentially with neutrons of 
energies E 3 1 eV? 

b) Are there - for such cases - simpler and/or more powerful alterna- 
t ives? 

An answer to the first question can be obtained by looking at the basic 
kinematics of a typical neutron scattering event2). Let be 

Eo the energy of the incident neutron 
8 the scattering angle in the lab.-system 

xlw the energy transfer to the scattered neutron 
Q the momentum transfer. 

Then, we have 

Xl2Q2 
2m= 2Eo + 461 - 2(Ez+Eol(l~)l’~ case (2) 

From (2) we recognize that the access to regions of 

a) high energy transfer and low momentum transfer 

and 

b) high momentum transfer 

are favored by a high energy of the incident neutron. The first region is 
relevant for investigation of e.g. Phonon Dispersion, Molecular 
Vibrations and Magnetic Excitations. Measurements in the second region 
determine e.g. Short Range Correlations of scattering centers in liquids. 
The basic principles of neutron scattering for these domains are 
summarized in the tables I - III. 

Figure 2 shows the kinematica; regions (energy-momentum transfer), which 
can be investigated by the various methods applied for research of 
condensed matter. We observe that the region a) mentioned above is just 
enclosed by the regions which are considered to be favorably treated by 
means of light and X-ray scattering. Hence the application of neutron 
scattering in this domain is possibly in competition with corresponding 
experiments at synchrotron light sources. The competitivity depends then 
clearly on the qualities of the sources and on the state of the art of 
the instrumentation. 

614 



The development of scattering instruments using these higher energy 
neutrons is~still’ in its infant stage. A typical type of instrument is 
the resonance spectrometer, which has been discussed at ICANSfmeetings3)* 
Therefore, instead of proceeding along that line we would rather like to 
make some guess, how a neutron source with high repetion rate could look 
like. 

III. The Neutron Source 

A ‘low’ frequency pulsed neutron source consists of a spallation target 
and a small moderator usually containing hydrogen. In’order to increase 
the neutronic coupling between the target and the moderator, a reflector 
surrounds the latter. Normally the moderator is decoupled from the 
reflector suppressing the backflow of thermal neutrons into the moderator 
and hence dumping off the tail in the neutron pulses. Cooling of the 
moderator has two favored consequences: 

a) The slowing down nature ( l/E) of the neutron spectrum is extended to 
lower energies. 

b) Neutron pulses become shorter for neutrons in the ambiant temperature 
region. 

For a ‘high’ frequency pulsed source with emphasis of neutrons with 
higher energies (E>l eV) the criterias are somewhat different. No thermal 
neutrons (not even lower epithermals) should be emitted by the moderator 
into the beam tubes. This can be achieved by the following means: 
a> 

b) 

c> 

1. 

In 

Encloser of the moderator (including the emitting surface) by proper 
absorbing materials. A sandwich of Au, Rh and Cd layers might be 
sufficient (Fig. 3). 
The size of the moderator has to be carefully optimized for high 
leakage rate of neutrons with the wanted energy. That is the 
maxwellian has to be minimized - an absorbed neutron is a lost neutron 
and increases the energy deposition in the absorbing layer. The 
moderator will therefore be rather small. 
Heterogeneous instead of surface absorption might be considered in 
order to deposit the resulting heat more evenly over the moderator 
volume. 

Moderator Size 

order to estimate the size of a moderator let us make a guess of the 
migration area for a neutron which is slowed down to (say) 5 eV. The 
Fermi age can be written as4), 

EQ 

r(E) = &3A) E S 5 @(E’) 5 (3) 

F, is the average log.-energy loss per collision, A the atomic mass of the 
moderator and Xs the mean free path of the neutron. The average energy of 
the source neutrons is EQ=~ MeV. The migration area is 

‘r2(E) = 6 z(E) (4) 
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In the following table T [ cm21 is given for an energy of E = 1.46 eV 
(Indium-resonance) and an estimate scaled up to E = 5 eV for various 
moderating materials 

E = 1.46 eV E = 5 eV 

B20 27 cm2 22 cm2 

D20 109 cm2 90 cm2 

Be 80 cm2 66 cm2 

C 313 cm2 258 cm2 

An estimate for the thickness of a slab formed moderator 

D e (l/3 r2)Ii2 

is 

(5) 

That is 6.6 cm for H70 - and 11.5 cm for Be. The surface of the moderator 
is given by the size-of the beam tubes - 100 - 200 cm2. 

2. Moderation Time and Pulse Shape 

An analytic solution of the slowing down integral equation can be given 
for the space independent case, that is far an infinite moderator medium. 
The corresponding pulse shape of the neutrons for an incident h-shaped 
source pulse can serve as a guide line for our discussion. 

The energy and time dependence of the pulse is given by4) 

N (E,t) e 1 
y2'Y em’ 

- 
2E 

U2’Y) 

where 

for atomic mass A = 1 

F for large atomic mass 

and 

y+* atot * (vt) 

A 

v = v(E) is the neutron velocity for energy E. The other parameters have 
the usual meaning. Figure 4 shows the pulses and their energy dispersion 
in a Be- and an H20-moderator. In view of the importance of the pulse 
width for the figure of merit in time of flight experiments it is likely 
that the moderator with a high hydrogen content will be favored. 

616 



For the H20-moderator the pulse width due to moderation is 1 usec or 
longer. The contribution to the pulse length of the neutrons, due to the 
pulse width of the proton pulse (240 nsec), is therefore not significant. 

3. Coupling of the moderator to the target 

In order to keep the background of high energy neutrons as low as 
possible, a wing geometry for the target-moderator arrangement (Fig. 5a) 
is usually chosen. Due to the small thickness of our moderators their 
coupling to the target would be particularly weak, just for this 
geometry. A reflector surrounding the moderator could of course improve 
the coupling. However, the resulting pulse lengthening has, ,also 
carefully to be considered. Furthermore, if we want to avoid an increase 
of the moderating power of the system a heavy material has to be chosen 
as a reflector. 

Let us make some estimates with a lead reflector. From the investigation 
for SNQ at mock-up experiments5), we know that a lead reflector should 
have side length of 30-40 cm. We assume that the tail of the neutron 
pulse shows an exponential behaviour with a time constant essentially 
given by the reflector 

‘RI = o! = vCa + DvB2 (7) 

B2 is the buckling of the reflector 

B2 = n2 ]3($)2] (8) 

For the neutron velocity we chose v c: 3.13 cm/us which corresponds to an 
energy of 5 eV. The diffusion constant is approximated by D = l/3& with 
&i- = 0.3 cm-l* We then obtain a relaxation time for the reflector 

tR = 15 us 

Hence, an efficient reflector dominates the decay time of the neutron 
pulse and therewith spoils the resolution at the instrumentation. If we 
have to renounce a reflector, the only means to increase the 
target-moderator coupling is the choice of a slab geometry. With this 
arrangement the instruments view through the thin moderaltor directly onto 
the target. This leads to a rather untolerable background of high energy 
neutrons. A possible way out is the Flux Trap Geometry (Fig. 5b). This 
geometry has been proposed for LANSCE at Los Alamo&). This split target 
geometry increases the accepted solid angle for the moderators and 
therefore their coupling to the target, without suffering too much from 
penalties of background. 

Of course, for a reasonable optimization of_ such a target-moderator 
system careful bench-marking - experimental as well as computational - is 
needed. 
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NEUTRONS 

IH WC- 1 ONO- 1 . 
C.HR0H.J 

(HHrE! k& 
Ak, , AZ, 

Y G,- E,-E, 

‘h,E,- 
A%,, AE, 

Table I 

1) 

2) 

Theywave length of X-rays is properly matched to the distance 
of atomic objects in condensed matter. Due to their high 
energies an incredilary high energy-resolution has, however, 
to be demanded for dynamical investigation of matter. 
For light scattering the energy resolution can be achieved 
but the wave length is matched to much bigger objects only. 
With thermal neutrons, both the wave length and the energy 
have the right order of magnitude in order to map the Brioullin- 
zone of solids. 

The observable in a neutron scattering experiment is the 
differential cross section with respect to the scattering 
angle and the neutron energy. This cross section is 
proportional to a structure function of momentum- and 
energy-transfer, vhich contains all the information. 
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A TO& FoA CWDEP’5EO MATTER RESWRcbl 
-.-____ . ..-_ ________.__ ._.__. __ _..-_ - _ 

. . Aa E,T;, +,.‘*& . . . . . 

Table II 

Since the elementary scattering length of neutron at different 
isotopes is usually different and also generally spin dependent, 
the scatter coherently as vell as incoherently at condensed 
matter. Hence a coherent and an incoherent structure function 
can be defined. They contain different information. Both 
structure functions are the space-time Fourier transforms of 
correlation functions betveen the scattering centers. 
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DAYA AT HtGH Q CRECQIL EFFEC~$ 

Table III 

Those regions in the kinematical plane and the corresponding 
dynamical phenomena, vhich could favor higher energy (then 
thermal) neutrons for their investigation are emphasized. 
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I. INTRODUCTION 

In this paper a deep penetration experiment conducted at the 

Los Alamos WNR facility's Spallation Neutron Target /l/ is com- 

pared with calculations using the HETC/KFA-1 /2/, and ANISN /3/ 

codes installed at KFA-IRE. 

For such problems the most reasonable technique to detect neu- 

trons experimentally is by counting decaying residual nuclei 

of high energy interactions with suitable target materials. 

Especially for accelerator environments, spallation reactions 

on copper have been proposed by Routti /4/ as a means to extend 

the known threshold-foil technique to higher hadron energies. 

The yield cross sections for many spallation products have a 

threshold type energy dependence with threshold energies of 

tens or hundreds of MeV. 

The problem with these reactions, however, is that the spalla- 

tion yield cross sections are basically not known above 20 MeV. 

While the experiments can reveal clearly the exponential de- 

crease of reaction rates with shielding thickness without any 

prior knowledge of cross sections, the quantitative comparison 
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between experiment and calculation suffers from the lack of 

reliable cross section data for these apallation yield cross 

sections. 

We will demonstrate this deficiency by a comparison of experi- 

mental and theoretically determined production cross sections 

for some isotopes from natural copper. For more detailed infor- 

mation see Ref. /5/. 

II. EXPERIMENTAL 

Foils of 30 mm diameter and 1 mm thickness were irradiated in- 

side the WNR target 1 bulk shield. They were imbedded into a 

stringer assembly that was inserted into flight path 5 of the 

facility. Foil materials studied were copper, cobalt, and 

nickel, all of natural isotopic composition. The stringer 

assembly loaded with iron foil containers and part of the WNR 

bulk shield are shown in Figure 1 and Figure 2, respectively. 

During irradiations, 3He-detector counts were recorded to 

rect for time variations of the proton-beam intensity and 

cor- 

the 

resulting neutron-flux intensity. The 3He detector was posi- 

tioned in a polyethylene cylinder at the flight path's end 

(Fig. 1). This position was chosen to prevent interference from 

neighbouring experiments. The irradiations were performed with 

a tungsten target (4.45 cm diameter, 24 cm length) and a beryl- 

lium reflected water moderator assembly in place. Typical pro- 

ton beam currents were approximately 3 PA. 

After irradiations the reaction products in all foils were de- 

termined directly by counting in Ge(Li) gamma-ray spectrome- 

ters. All foil activities were corrected for self absorption 

in the foils, for decay during irradiation utilizing the recor- 

ded 3He-detector counts, and for decay during counting. They 
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are for the time at the end of bombardment. The final reaction 

rates are normalized to the number of primary protons interac- 

ting ,in the target and the number of foil nuclei. 

These reaction rates have been multiplied by the distance to 

the target squared and have been plotted versus depth in the 

shield. Results for some spallation reactions on copper are 

shown in Fig. 3 and 4. 

III. HETC AND ANISN CALCULATIONS 

Combined Monte Carlo and deterministic transport calculations 

were performed,for the experimental arrangement of Fig. 2 to 

calculate the reaction rates, for the measured reactions on cop- 

per. Two important simplifications can be done due to the fact 

that nearly all reactions used in the experiments have thre- 

shold energies above 15 MeV: 

1. It is not necessary to follow neutrons in energy below 

15 MeV, i.e. it is adequate to use only the Monte Carlo 

code HET/KFA-1 /2/ with a cut-off energy at 15 MeV and 

neglect subsequent low enery transport calculations- 

2. It is allowed to simplify the complex moderator-reflector 

system surrounding the target (see Fig. 2) and simply 

describe it as a homogeneous beryllium cylinder, because 

in the shielding context the entire system is of interest 

only for removing high energy particles. The low energy 

particles stemming from moderations will not be measured 

by the threshold detectors and can therefore be neglected 

in the shielding calculations. 

This simplifies our shielding calculation as compared to target 

calculations considerably. 
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Calculational Procedure 

The particle histories were calculated with HET/KFA-1 down to 

the lower energy limit of 15 MeV. The histories were started 

by incoming protons of 800 MeV hitting the top surface of the 

cylindrical tungsten target (Fig. 5). The particle fluxes in- 

side the shield were determined in two different ways: 

1. Straight forward Monte Carlo with HETC and SIMPEL analysis. 

The code SIMPEL of the system /2/ derived neutron fluxes 

and proton fluxes at different depths inside the shield 

using track-length estimators. 

2. HETC-ANISN surface coupling procedure via SIMPEL. Close to 

the inner surface of the bulk shield a spherical segment 

was defined serving as a coupling surface between SIMPEL 

and ANISN /3/. Here SIMPEL calculated a neutron surface 

source, which was handed over to the one-dimensional 

transport code ANISN. Starting with this source, ANISN 

calculated the neutron fluxes inside the shield in 

spherical geometry. The coupling procedure is described 

in /5/. The transport cross sections used for the cal- 

culations were taken from the LANL library /G/. 

Roth HETC and HETC-ANISN coupling calculated fluxes were folded 

with corresponding reaction cross sections to obtain react-ion 

rates _ Two sets of cross sections were generated using the 

RIJDSTAM formulas i7/ and the code ALICE /8/, respectively. 

Geometry 

The geometrical layout for the HETC calculations was described 

using concentrical cylinders (see Fig. 5) with the following 

201189 and materials: 
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Zone 1 was the tungsten target, zone 2 the beryllium reflector 

- the simplifying assumption for the moderator-reflector system. 

The radius of this reflector was set to the actual thickness 

in the line of sight in the experimental arrangement for FP5 

from the target center to the surface of the stringer. Zone 3 

is a void region and zone 4 is the shield which consists of a 

mixture of iron and concrete. 

For the flux estimation from HETC histories SIMPEL used track 

length estimators which were rings of 20 cm heights and thick- 

nesses of about 3 cm. These volume detectors are denoted A, B, 

C in Fig. 5. The advantage of such ring shaped detectors is the 

strongly enhanced statistics due to the azimuthal symmetry as 

compared to small detector boxes. 

The coupling surface of the neutron surface source used by 

ANISN (denoted SQ in Fig. 5) was a spherical segment with 

radius 122 cm. This segment was placed entirely into the bulk 

shield. This geometry is not azimuthal symmetric. For the AMISN 

transport calculations beyond the coupling surface the bulk 

shield was assumed to be composed of iron only with nuclide 

density 8.44~10~~ cmv3. This is assumed to be the better appro- 

ximation to the environment of the monitor foils inside the 

stringer than the iron/concrete mixture of the bulk shield. 

IV. RESULTS 

HETC and the HETC-ANSSN coupling calculate particle fluxes for 

energjes between 800 MeV and 15 MeV at different depths inside 

the shield. The proton fJux is negligable as compared to the 

neutron flux as Table I shows. Therefore, protons have been 

neglected in a.11 calculations following. Looking at the depth 

dependence in Table I, a comparison of the HETC-ANISN coupling 

and HETC reeults shows, that the high energy flux as calculated 

631 



by HETC is not decreasing as fast as predicted by the HETC-ANISN 

coupling while going further into the shield. The reason for 

this behaviour could be that for the HETC calculation a mixture 

of iron and concrete with an iron number density of 7.7x1O22 

cm -3 was assumed, while for the coupling calculation pure iron 

with a number density of 8.44~10~~ crne3 was used to account for 

the true material composition inside the stringer. 

Flux Spectra 

Fig. 6 shows a comparison of the flux spectra calculated by 

HETC at two different depths inside the shield. At 23 cm the 

spectrum is harder than at 103 cm depth. The reason could be 

that the mixture of iron and concrete acts as a moderator. But 

it should be mentioned that at 103 cm depth the fractional 

standard deviation values (FSD) for all energy groups of the 

spectrum are in the range of about SO percent, indicating bad 

statistics. To compare the predictions of the spectral behavi- 

our of both procedures the spectrum calculated by the HETC-ANISN 

coupling and the HETC spectrum are plotted in Fig. 7 at 23 

cm depth. We have chosen this position because it is close to 

the coupling surface SQ in Fig. 5 and good statistics can be 

obtained with HETC itself. As expected, good agreement between 

both spectra is obtained. Fig. 8 gives the spectra calculated 

by the HETC-ANTSN coupling at three different depth 

In contrast to the spectrum hehaviour calculated by HETC 

(Fig.6j I the I-IETC--ANTSN coupling spectrum is harder k 103 cm 

khan ;~t: 2.? cm depth. Furthermore, Fig. 8 shows that the spectra 

at 793 cm depth and in 203 cm are nearly identical. Therefore, 

It nrjn be st.at_ed that the FiETC~-ANISN coupling spectra reach 

aqilii ibrlurn very fast. 
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Reaction Rates 

Calculated results that can be compared with the experiments 

are the threshold reaction rates. They were calculated by fol- 

ding the group'dependent neutron fluxes with reaction cross 

sections. Reaction rates were generated for two positions at 

23 cm and 103 cm. In Table II the calculated and measured rates 

for the reactions on foils of natural copper are shown. Agree- 

ment within a factor of two between measured and calculated 

reaction rates is found for the Rudstam cross sections. It 

should be mentioned, however, that both the measured reaction 

rates and the calculated fluxes contain uncertainties of up to 

50 percent (see spectrum results in Figs. 6-8). Much larger 

differences between measurement and calculation up to more than 

a factor of 10 are found if reaction cross sections generated 

by the code ALICE /8/ are used to calculate the reaction rates. 

V. DISCUSSION 

In comparing experiment and calculation the most serious source 

of uncertainty are the neutron cross sections for the produc- 

tion of residual nuclei in the monitor foils. It is simplisti- 

cally assumed that at high energies (above 20 MeV) spallation 

cross sections for protons and neutrons are identical. The com- 

mon description of this process as an intranuclear cascade and 

a subsequent evaporation process is in favour of this ide 

equal response to bath nucleons. Therefore, cross sections for 

proton induced reactions which are much easier to obtain expe- 

rimentally than neutron cross sections were compiled and trea- 

ted like neutron cross sections to calculate the reaction rates 

at different positions in the shield. Sources of cross sections 

were the Rudstam /7/ formulas, which are semiempirical parame- 

terizations of experimental results up to 1964, the modifica- 

tions by Silberberg and Tsao /9/; more recent experiments on 
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copper targets reported by Orth /lo/, Griittner /ll/, Williams 

/12/ and Greenwood /13/ and, finally, preequilibrium calcula- 

tions with ALICE /8/. 

For one example part of the compilations is shown in Fig. 9. 

The Silberberg/Tsao cross sections were not included in the 

plots because their general shape follows Rudstam's curves with 

up to 50% deviation to both sides. In Fig. 9 the agreement be- 

tween experiments and ALICE calculations for the production of 
57 Co from copper is reasonable close to the threshold energy. 

At higher energies they disagree significantly with ALICE pre- 

dictlng a steep decrease. Rudstam's curve is systematically too 

low, Silberberg/Tsao's prediction would hit the last point of 

Greenwood's experiment. The resulting large difference between 

the reactlon rates calculated from both Rudstam's and ALICE’s 

cross sections is found in Table II for 57Co. The experimental 

reaction rate in Table II should be closer to the reaction rate 

obtained by folding the calculated neutron flux with ALICE's 

cross sections. But these cross sections seem to be the upper 

limits as compared t-o the more recent experimental cross sec- 

t ions _ 

The dlscusslon shows that we can only argue within factors of 

two or three or more from these monitor reaction cross sections 

alone. The total disagreement. bekween ALICE's and Rudstam's (OK 

Sliberberg/Tsao's) cross sections and experimental values makes 

any evaluation effort obsolete. ALICE seems to follow the gene- 

ral shape of the experimental results better than the Rudstam 

~ormuldst hut still wit.h l<irge discrepancies. Under this aspect 

there is a strong need for cross section measurements especial- 

Iv above 70 MeV to produce a reliable data base. Not until 

c r 0 5 s sections have been obtained with reasonable uncertainties 

iof at I.east better than a factor of 2) and sufficiently narrow 

enorgy spacings at the threshold energies, more accurate compa- 

rJsons between experiment and calculations cannot be expected. 
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VI. CONCLUSION 

The deep penetration experiment at the WNR helped to generate 

an experimental data base for a well defined spallation physics 

environment to be compared with predictions of the HETC/KFA-1, 

SIMPEL and ANISN codes. The experiment's position perpendicular 

to the beam axis excluded primary protons and most of the high- 

energy neutrons beyond the evaporation neutron energies. This 

made especially the HETC calculations more elaborate, because 

most of the histories are in forward direction or are confined 

within the target/reflector volume. To get enough statistics 

perpendicular to the beam axis 122 cm away from the target 

calls certainly for more CPU time, but without making all sim- 

plifying assumptions and taking full advantage of the approxi- 

mate symmetry of the WNR target, CPU time would be unreasonably 

large. 

The direct comparison between experiment and calculation was 

based on the measured reaction rates, any unfolding of the ex- 

perimental data would have introduced additional sources of un- 

certainty beyond cross sections. The agreement is not too sa- 

tisfactory, but as the compilation of reaction cross sections 

for natural copper targets shows, cross sections for the pro- 

duction of nuclei in the detector foils alone are the largest 

source of uncertainty, larger than Monte Carlo statistics, 

coupling between codes or proton contributions. The results 

presented show that experiment and both HETC and ANISN calcu- 

latjons do compare to some extent, but the overall uncertain- 

ties introduced by the cross section for the specific reaction 

excludes conclusions as to how to improve the calculational 

model. 
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Basically one has to conclude that cross sections for the de- 

tection reactions studied have to be measured first with rea- 

sonable accuracy to provide a reliable base for comparing ex- 

periment and calculation. The lack of experimental cross sec- 

tions above 20 MeV is certainly due to the fact that accelera- 

tors with variable particle energies between 1 GeV and 20 MeV 

are not available. The proposed COSY synchrotron that will pro- 

duce prot.ons between 2.5 GeV and 40 MeV would be the ideal 

facility to measure the required cross sections_ 
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Table I: Total Flux per cm2 and per incident proton 

Depth in Position HETC HETC-ANISN coupling 

Shield in Fig. 5 protons neutron neutrons 

23 cm A 6.38x10-' 1.48~10~~ 1.85x10-6 

103 cm B 0 1.7ox1o-8 8.60~10-~ 

203 cm C 0 0 1.90x10-1~ 

Table II: Comparison of calculated and measured reaction rates 

Cu-nat Experiment Rudstam ALICE 

Run 1 HETC-ANISN HETC HETC-ANISN 

coupling coupling 

d = 23 cm 

Fe-59 2.1x10-33 4.7x10-33 3.5x10-33 3.7x10-33 

co-58 2.8~10-~~ 4.5~10-~~ 3.2~10-3~ 9.3x1O-32 

co-57 1.4x10-32 1.2x1o-32 0.8~10-~~ 5.0x10-32 

CO-56 2.ox1o-33 2.4~10-~~ 1.5x1o-33 16.0~10-~~ 

Mn-52 3.5x10-34 6.3~10-~~ 3.6~10-~' 60.0~10-~~ 

Mn-54 3.9x10-33 5.3x10-33 3.3x10-33 14.0x10-33 

V-48 0.5x10-34 1.0x10-34 1.1x10-34 20.0x10-34 

d= 103 cm 

Fe-59 1.1x10-35 2.7x1o-35 2.8~10-~' 1.8~10-~5 

Co-58 1.8~10-~~ 2.6x10-34 2.5~10~~~ 4.6,~10-~~ 

co-57 9.5x10-35 7.5x10--35 6.9x1O-35 27.0~10-~5 

Co-56 1.7x10-35 1.5x10-35 1.3x10-35 ?.4x10-3s 

Mn-52 2.8~10~~~ 4.1x10-36 3.2~10-~~ 38.0~10-~6 

Mn-54 3.2x1o-35 3.3x1o-35 2.8~10-~~ 8.7~10-~' 

V-48 1.0x10--36 1.4x10-36 0.9x10-36 13.ox1O-36 
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FOIL CONTAINER 

Foils 

Fig. 1: The stringer assembly used to insert foil packages into 

the bulk shield of the WNR facility's Target I (LANSCE). 

Individual foil containers and foil positions are 

indicated. The 3He monitor at the left is imbedded 

into PE rings and serves as a flux monitor. 

Outer Vacuum Pipe __ 

Inner Vacuum Pipe 

j-r~_+_.-_ _ -._._ 

Concrete 
\ 

Steel 

Fig. 2: Schematic scetch of the WNR target to the south. The 

stringer of Fig. 1 was inserted into Flight Path 5 

(FP 5) for irradiations. Target, moderator and reflector 

are described in more detail in /5/ 
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Fig. 3: Depth dependence of the reaction rates for some reactions 

on copper of natural isotopic composition. To eliminate 

solid angle dependence the reaction rates have been 

multiplied by the distance to the target center squared 
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1O-27 

0 cu - %o 
x A cu - %Mn 

50 100 150 

Depth in Shield km 1 

Fig. 4: Depth dependence of the reaction rates for some reactions 

on copper of natural isotopic compositions. To eliminate 

solid angle dependence the reaction rates have been 

multiplied by the distance to the target center squared 
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ICANS IX 

INTERNATIoNALco~ TIONCINADVANCED~~~S 

22-26 September, 1986 

THE HIGH-ENERGY NEUTRON BACKGROUND AT SINQ 

M. Pepin 
SIN, Swiss Institute for Nuclear Research 

CH-5234, Villigen, Switzerland 

1. Introduction 

The sources of high-energy (En > 15 Mev) neutron background at SINQ were 
reviewed by F. Atchison [l]. We now report the results of a study, 
using HET Monte-Carlo [2] and point-kernel methods, which was undertaken 
as a re-examination of these five sources of background, namely : 

(1) The weakening of the iron bulk shield due to the beam tubes. 

(2) The scattering of neutrons in the D20. 

(3) The back-scattering of neutrons from the iron bulk shield. 

(4) The scattering of neutrons in the windows at the beam tube tips. 

monochromator 
iron. 

(5) The penetration of the background neutrons into the 
shield, approximated by a large homogeneous block of 

Processes (1) to (4) contribute to the background at the monochromator, 
process (5) is relevant for the background further ,downstream. The 
geometry used in the study is a simplified SINQ arragement (see fig. 1). 

Fig. 1 Simplified geo,metry of the SINQ target and shielding, showing 
the investigated sources of high-energy neutron background. 
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The background was estimated as function of the radial distance of the 
beam tube tip from the centre of the target , and at two different values 

9) = 
-1.5 cm and ZD = 21.5 cm for the level of the hQrizonta1 beam tubes 

with respect to the entrance face of the vertical target . The mono- 
chromator at D is taken on the beam tube axis. The beam tubes are 
8 x 15 cm2 in cross-section, 530 cm long, and are set in the tangential 
direction; their tips are covered by Al windows 5 mm thick. 

2. Organisation of the study 

The problem was treated in four main steps. 

i> 

ii) 

iii) 

iv) 

Lead-bismuth target and shield weakening. The cascades of 100 000 
protons from the incoming beam were tracked through the target. The 
ca. 87 000 nucleons leaving the target were histogrammed and used 
as source term for a point-kernel calculation of the background 
due to the weakening of the bulk shield by the beam tubes. 

Scattering in the D20 tank and bulk shield. A Monte-Carlo run was 
done for the continued propagation of the 87 000 escape particles 
through the D20 tank and bulk shield, temporarily neglecting the 
beam tubes and their windows. The tangential neutron flux at the 
position foreseen for the beam tube window determines, by drift 
through vacuum, the contribution of scattering on D 0 
the background at the monochromator. The component ?l 

and iron to 
ue to the iron 

was then deduced by examining the reflectivity of the bulk shield. 

Scattering in the beam tube windows. The flux observed in the D20 
at the position of the beam tube tips was used as source term for 
HET investigations of the Al window. 

Monochromator shield. The penetration of the high-energy background 
flux of neutrons into a massive, structureless monochromator shield 
of iron was studied by a joint Monte-Carlo and point-kernel method. 

The following 3 sections of chapter 2 give more details about steps i) 
to iii). Chapter 3 presents the results for the high-energy background 
flux incident on the monochromator, and chapter 4 reports on the 
penetration of the flux into the monochromator shielding. 

2.1 Shield Weakening 

The particles escaping from the lead-bismuth target were histogrammed in 
the four variables energy, z, u = cos(+), and w = cos(6). The binning in 
the angular variables u and w comprises 25 bins and is illustrated in 
figs. 2a) and 2b). The choice of angular cooordinates relative to the 
normal to the target surface at the escape point P exploits the 
cylindrical symmetry of the situation. 
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i 

i 
/i.-.- -Y 

Hyperbola: 

(+)wLw-& =o 

with:A=d2 -Rf 

ll=R~lZg-Zpl 

c= (ZD-Zp12 cos(60°) 

Fig. 2a Definition of the parameters Fig. 2b Limits of the angular bins 
used.for the angular binning in (u,w) space, and the 
of the high-energy neutron hyperbola engendered by 
escapes. v is the velocity the horizontal scan of the 
vector of t E e neutron. escape point P. 

In the point-kernel calculation, the bins with + > 70° (neutrons emitted 
nearly tangentially to the target surface) are affected with large 
errors (statistics of a few events), and enter the results with a large 
weight (near-parallelism to the beam tube). It is therefore necessary to 
calculate separately the contribution of each bin of the source 
histogram, in order to know which fraction of the resulting background 
is due to these potentially dangerous bins. 

The contribution of each individual bin to the background at the mono- 
chromator position (point D) was obtained by numerical integration over 
those portions of the target surface which “see” the point D in the 
direction appropriate for the bin in consideration. The target surface 
was scanned at constant z and with varying azimuthal angle 8 for the 
escape point P. In this scan the straight segment from P to D determines 
a hyperbola in (u,w) space, whose intersections with the bin limits 
u=const, w=const, or u2+w2=1 were found (fig. 2b). These intersection 
points were then mapped back to give lower and upper limits for 8. A 
constant worst-case attenuation length of 17.3 cm was taken for neutrons 
in iron, and a constant worst-case length of 75 cm was subtracted from 
the path to account for build-up. The D20 was treated as vacuum. 
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The contribution of the bins with Cp > 70° to the shield weakening 
depends strongly on the radial position of the beam tube tip. For radii 
at or beyond the position of the maximum thermal flux, the contributions 
of these bins no longer dominate, although they are still appreciable 
(up to 30%) in some cases. 

2.2 D20 Tank and Bulk Shield 

The Monte Carlo runs which followed the cascades through D20 tank and 
bulk shield were analysed as follows : for each combination of z and r 
values for the beam tube tip, the set of all possible azimuthal angles 
for the tip defines a ring-shaped volume of rectangular cross-section. 
Any portion of nucleon track within this “ring” is divided into elements 
of 1 cm length or less. Each track element makes a contribution of 
weight &2n to the histogram of nucleons potentially entering a beam 
tube, where a is the angle defined by the start and end points of the 
track element, as seen from the target centre. 

The high-energy background flux at the monochromator is essentially 
given by the number of neutrons entering the beam tube at a small angle 
relative to its axis. The results quoted in chapter 3 were obtained by 
assuming isotropic distribution over the solid angle, by taking drift in 
vacuum, and by normalization to an incoming proton current of 1 mA. 

The number of high-energy nucleons back-scattered from the bulk shield 
in the range -9 cm < z < 29 cm and in the approximate direction of the 
beam tube tips is 0.00025 nucleons per cm* per sterad and per 100 000 
protons (very poor statistics). In vacuum, this would correspond to a 
few percent of the D20 contribution. As the back-scatters still have a 
path of 100 cm through D20 to cover before they enter the beam tube, and 
as most of them are of relatively low energy (15 to 30 MeV), the 
back-scattering from iron can safely be neglected. 

2.3 Beam Tube Windows 

The results of the HET run in D20 were used to build maps of the neutron 
flux incident on the faces and edges of the Al windows. These maps gave 
the source terms for HET investigations of a system consisting only of 
the window itself. 

For the neutrons incident on the faces of the Al windows, the histogram 
of the flux in D 0 

1 
is already available from section 2.2. There is an 

excess of typica ly 3 % between the number of high-energy neutrons 
escaping the windows within a 20° cone centered on the normal to the 
window, and the number of neutrons started within the same cone on the 
opposite face of the window. The results must be considered as upper 
values, as no corrections were made for the lost contributions of those 
volumes of D 0 which were replaced by aluminium. 

2 

652 



For the neutrons incident on the window edges, the source term is 
determined by the neutrons penetrating into the “ring” defined by the 
window position. Each neutron entering this volume contributes with a 
weight of 6/2n, where 6 is the angle subtended by 0.5 cm (i.e. the 
thickness of the window) at the radius of the entry point. 

3. Results : Flux incident on Monochromator 

The results for the processes mainly responsible for the high-energy 
background at the monochromator are shown in fig. 3. For comparison, the 
thermal fluxes calculated by F. Atchison [3] are also presented. The 
maximum thermal flux is reached at a radius of about 20 cm. The 
background due to the shield weakening is only given at one z-value, as 
the coarseness of the angular binning of the source term only very 
poorly resolves a height difference of 23 cm at 530 cm. 

"L =UPPER LEVEL ZO= 21.5 CM 

LL =LOWER LEVEL Zo= 1.5 CM 

I- 

/’ 
HERMALd 
ILL I 

SHIELD WEAKENING 

I I 1 I I I I 

. . 10 20 30 40 50 60 70 

RADIAL POSITION OF BEAM TUBE TIP I CM 1 

Fig. 3 Thermal neutron flux of 
ref. [3] and high-energy 
neutron background at the 
monochromator.for scattering 
on D20 and on the Al windows, 
at two beam tube levels. The 
shield weakening contribution 
is also shown. 

Fig. 3 indicates that, for beam tube tip positions between 20 and 40 cm, 
the high-energy background flux is of the order of several 100 000 
neutrons per second, cm2 and mA. The D20 scattering gives the greatest 
contribution to the background. The background flux is significantly 
higher for the upper level beam tubes and, as the thermal flux varies 
little with the beam tube level, the lower level tubes enjoy somewhat 
better signal to noise ratios. 
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Fig. 3 also shows that, as the beam tube tip moves outwards, the thermal 
flux decreases less rapidly than the background. A more favourable 
signal to noise ratio could therefore be achieved by placing the beam 
tubes at larger radii, however at the cost of a loss of thermal flux. 
The choice of the final value for the beam tube radii is therefore 
dependent on the answer to the question : “what is the highest tolerable 
high-energy background ?I’ 

The decrease of the neutron flux through the shield is exponential, and 
the background due to shield weakening is very sensitive to variations 
of the beam tube geometry. For example, placing the monochromator at the 
worst edge of the tube, instead of on the tube axis, can increase this 
component of the high-energy background by a factor of several hundred. 
On the other hand the replacement of worst case attenuation coefficients 
and buildup factors by energy dependent ones [4],[5] decreases the 
background by an even greater factor. In any case, due to its very steep 
decrease with beam tip radius, the shield weakening becomes negligible. 
at beam tip radii beyond the maximum of the thermal flux. 

4. Monochromator Shield 

The shape of the high-energy tail of the background neutrons incident on 
the monochromator is shown in fig. 4 for a typical beam tube position. 

1ooc 

Fig. 4 Shape (in arbitrary units) 
of the energy spectrum of 
the combined Al and D 0 
contributions to the hig - i 
energy background at the 
monochromator, and for a 
typical beam tube position. 

ENERGY i MeV 1 
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The neutrons coming down the beam tube are highly directional, and for 
simplicity can be assumed along the central axis of the monochromator 
shield. Using the MECCRL code [6] for the intranuclear part of the HET 
cascades, the interaction cross-section oi and the differential cross 
-section dlu/dEdR for the production of nucleon secondaries by primary 
neutrons incident on iron were obtained at different energies. This 
information tias then used to calculate the source of second-generation 
particles along the axis of the monochromator shield. The flux of 
high-energy nucleons in the monochromator shielding was then estimated 
by a point-kernel approximation. 

The resulting flux map is shown in fig. 5 for the case of an 8 x 15 cm2 
beam tube with 300 000 high-energy neutrons/set cm2 coming down the tube 
(conditions prevalent at the lower level with a radial position of 25 cm 
for the beam tube tip). As must be the case, there is very good 
correlation with the energy deposition map obtained from HET/ENDENS. 
This method, however, smooths out the large fluctuations observed with 
HET at the greater radii. 

P [CM1 

t 

HIGH-ENERGY FLUX OF 2'ND & LATER GENERATIONS 

NUCLEONS/(mA SEC CM') FOR 120CM2 BEAM TUBE 

60 - 

t 

50 Ii0 150 200 X[CMI 

Fig. 5 Flux map of the high-energy background neutrons of the second 
and later generations in the monochromator shield. The 
cylindrical coordinates (x,p) give the prolongation of the 
beam tube axis into the monochromator shield and the distance 
normal thereto. 
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